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Abstract
Anjana Khanal
DEWETTING INDUCED LIPID BILAYER MULTICOMPARTMENT SCAFFOLD
FOR SYNTHETIC CELL VESICLE AND THEIR STABILITY
2019 - 2020
Martin F. Haase, Ph.D.
Master of Science in Engineering

This thesis introduces a microfluidic method to generate monodisperse water-inoil-in water double emulsions. The microfluidic method is able to produce double
emulsions with high degree of controllability and flexibility on size and number of droplets.
We demonstrate this by producing double emulsions containing 1-8 inner water droplets
and studied their dewetting phenomena to lipid bilayer scaffold. Our study shows that for
the dewetting phenomenon to occur the oil must be volatile, polar and should make low
contact angle with the involved interfaces. The chloroform shows self-emulsification
behavior in presence of surfactant F127. The topological droplets formation with multiple
compartments is related to the self-emulsification behavior. These distinct compartments
segregated from one another shows potential to engineer multistep reaction pathways
inside them. Our investigation is mainly focused on the fabrication of permanently stable
dewetting cages by using polymeric oil, acrylate monomers and functionalized silica
particles. Similar to the chloroform, monomeric oil ethylene glycol methyl ether
methacrylate also shows self -emulsification behavior and induce dewetting mechanism by
making low contact angle at the contact line. Silica nanoparticles supported lipid bilayer
shows long term stability due to presence of a solid silica core.
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Chapter 1
Introduction and Literature Overview
1.1 Introduction
A cell is a small but complex bioreactor enclosed by phospholipid membrane. Cell
membranes of almost all organisms and many viruses are made of a lipid bilayer. Lipid
bilayers are amphiphilic membranes made of two layers of lipid molecules. The lipid
bilayer acts as a barrier that keeps ions, protein, and other molecules where they are needed
and prevents them from diffusing into areas where they should not be. Biological bilayers
are composed of amphiphilic phospholipids; the phosphate polar head-group is
hydrophilic, and the fatty acids non-polar tail is hydrophobic. [1], [2], [3] The nature of the
head-group can be diverse, with different functional groups attached to the phosphate
groups, amongst which the most common are phosphatidic acid (PA), phosphatidylcholine
(PC), phosphatidylethanolamine (PE) or phosphatidylserine (PS). [2] The type of fatty acid
chains also varies and depends in both the chain length and the carbon saturation. The
solubility of phospholipids in water depends on both the head-group polar head type and
the hydrocarbon chain length. When exposed in aqueous environment, the lipid molecules
self-organize and adopt various molecular assemblies such as bilayer vesicles or micelles,
which give them unique interfacial properties and render them attractive in terms of
emulsion stabilization. [3] The self-organization of lipid molecule extends further to
hierarchical levels including structured emulsions and nanostructured particles. Along with
energy storage, lipids perform a range of biological functions including structuring and
compartmentalization of cellular organelles in the form of membranes, cell differentiation,
signal transmission, and synthesis of biomolecules such as hormones. [4] A schematic
1

diagram to illustrate a lipid in terms of molecule, membrane and vesicle is shown in Figure
1.

Figure 1. A schematic diagram depicting (A) lipid molecule (B) membrane lipid (C)
vesicle.

The major driving force in lipid self-assembly is the hydrophobic effect. This is the
tendency of hydrophobic molecules (non-polar) to isolate themselves from water
molecules. [5] An increase in interaction between hydrophobic molecules allows water
molecules to bond more freely with each other, minimizing the area of contact between
water and nonpolar molecules thereby increasing the entropy of the system. The lipid
bilayer formation is spontaneous since the hydrophobic interactions are energetically
favorable. The lipid molecules are held together by noncovalent interactions such as van
der Waals forces and the hydrogen bonding. The Van der Waals force holds the
hydrophobic tails together whereas the hydrogen bonding binds the hydrophilic head with
water. Due to their amphiphilic nature the monolayer of lipid assembled to form
2

interconnected network which we called the lipid bilayer, liposome, or the synthetic cell
vesicle.
Liposomes are synthetic lipid-based bilayer vesicles appear to be reputed carriers for
various chemical and macromolecular species. [6] They have served as artiﬁcial cells for
the controlled study of biological phenomena or in vitro production of biomolecules such
as DNA and protein. [7] They have also become an ideal candidate for applications ranging
from targeted therapeutic delivery to in vitro synthesis of biological molecules due to their
cell membrane-like structure, ability to adopt both hydrophilic and hydrophobic molecules,
high biocompatibility and biodegradability, low toxicity, and ease of functionalization.
Besides, being successful delivery systems liposome shows poor stability under shelf and
in vivo conditions. This is likely due to potential lipids oxidation and hydrolysis, leakage,
and loss of hydrophilic cargoes.
Liposomes can be prepared using a wide range of methods, which involve combination
of lipid with aqueous media. Conventional methods of liposome fabrication include film
hydration method, reverse phase evaporation, solvent injection, detergent removal, heating
method and so on. [8] These methods are simple, fast, and straightforward process of
vesicle fabrication. However, they possess poor encapsulation efficiency, no control on
vesicle size and sterilization issue. The novel method includes the microfluidic channel
method and the supercritical fluidic method. The major advantage of microfluidic method
over conventional method is that it offers the possibility for production of vesicles with
optimized size due to the flexibility of this method. Similarly, supercritical fluidic method
makes use of super critical fluids such as CO2 maintained under super critical conditions
(super critical temperature and pressure). This method is not only organic solvent free
3

methods, but also offers advantages such as use of CO2, as cheap and environmentally
harmless solvent, large-scale production in industrial settings, and 5-fold higher
encapsulation efficiency than the equivalent conventional method. [6] However, the
disadvantages of this technique include, high production cost, low yield, use of high
pressure (200-350 bar) which require sophisticated infrastructures, restrict their universal
applications for wider developments of liposomal technology. [9], [10] In this work, we
implement droplet-based microﬂuidics which involves the generation of double emulsion
droplets inside microﬂuidic devices as our strategy for synthesis of monodisperse lipid
vesicles. This technique offers an enhanced control over processing conditions, thus
yielding a set-up for reproducible and robust manufacturing, which is required to achieve
uniform liposome size distributions.
An emulsion is defined as the dispersion of a liquid in an immiscible liquid. [11] Single
emulsions are either oil suspended in an aqueous phase, oil-in-water emulsions (O/W)
(Figure 2B), or water suspended in oil, water-in-oil emulsions (W/O) (Figure 2A). For
instance, milk is an O/W emulsion, in which the fat phase or cream forms tiny droplets
within the skim milk, or water phase. Emulsions in one form or other have been used since
early societies. In today’s world many products including drugs, paints, inks, cosmetics,
and even certain foods are made possible using emulsions. In a traditional method the O/W
emulsion used to be made by shaking or whisking. However, in the absence of emulsifiers
emulsions are unstable and breaks down within minutes, and the lighter liquid forms a layer
on top of the denser liquid. Under normal circumstances when two immiscible phases, say,
oil (non-polar) and water (polar) are thoroughly mixed to make an emulsion, the dispersed
droplet phase coalesce over time.

4

Emulsions are thermodynamically unstable because they have a positive free
energy of formation (∆Gf ), and are considered non-equilibrium systems as emulsified
droplet increases with time. [13] This instability is due to the large interfacial area of
droplets represented by surface area (A) and interfacial tension (Υ).
∆Gf = ΥA−T ∆Sf

Equation 1

The entropy of formation (∆Sf) is relatively small because only a few numbers of
droplets are being formed in entropic terms. Hence, the larger interfacial area results in an
overall ∆Gf ≥ 0. Nonetheless, emulsions are kinetically stable due to the presence of an
adsorbed interfacial layer which include a surface - active agents employed to improve
kinetic stability. With the interfacial attachment of emulsion stabilizers, such as surfactants
a kinetic barrier towards coalescence is imparted enabling long term stability of emulsions.
[12], [13] Molecular surfactants typically have a polar (hydrophilic head) and a non-polar
(hydrophobic tail) and are therefore often used as emulsion stabilizers due to their affinity
for both the polar and non-polar phases of emulsions. When added to an O/W emulsion,
surfactant molecules surround the oil droplet with their nonpolar tails extending into the
oil, and their polar head groups facing the water. This configuration of surfactant forms a
viscous and rigid film at the interface that acts as a physical barrier and hence prevents the
emulsions from coalescence. In addition, surfactants facilitate an emulsion size reduction
by lowering the interfacial tension between the oil water interfaces. The surfactant can be
categorized as cationic (positively charged polar head group), anionic (negatively charged
head group), or non-ionic (uncharged head group), and are used to stabilize different types
of emulsions, based on what is termed as the hydrophilic lipophilic balance (HLB) of the
surfactants. Generally, low HLB (3-8) surfactants produce W/O emulsions, whereas high
5

HLB (8-18) surfactants produce O/W emulsions. [14] Figure 2 shows a schematic
representation of different kinds of emulsion structures.

Figure 2. Schematic depiction of different kinds of emulsions. Blue region is the aqueous
phase and green region is the oil phase (A) water in oil (W/O) (B) oil in water (O/W) (C)
oil in water in oil (O/W/O) (D) water in oil in water (W/O/W).

Moreover, the complex configurations of emulsions are of two types: oil-in-waterin-oil emulsions (O/W/O) and water-in-oil-in-water emulsions (W/O/W). [11] This
configuration of emulsion is known as double emulsion. Double emulsions are complex
system in which the dispersed droplets contain smaller droplets inside. [15] Due to their
complex nature they are widely used in diverse applications, including pharmaceuticals
[16], cosmetics [17], food industries [18], chemical separations, synthesis of microspheres
and microcapsules. [19] Additionally, emulsions offer versatile templates for structured
and patchy colloids [20], particles of programmable shape [21], self-assembly tools [22],
and biomaterials. [23]
Our work emphases on the fabrication of monodispersed double emulsion because
monodispersity of size and accurate control of internal structure are critical for the stability
of these double emulsion. We use capillary microfluidics that enables the flow of two-
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phase fluids from three streams separately. This technique is suitable for production of
definite number of double emulsion because the number and size of the inner droplets are
determined by microfluidic flows. Furthermore, the use of surfactant that can stabilize both
oil-in-water and water-in-oil layers simplifies their synthesis.
The double emulsions show a step wise shape transition to form cell vesicles and the
vesicle formation is based on the dewetting effect, which is explained by Martin F. Haase
in his unpublished preliminary result. The dewetting mechanism is illustrated in the
schematic shown in the Figure 3. [24], [25] In Figure 3, the blue region indicates aqueous
phase whereas, the green region is oil phase. The aqueous phase constitutes the surfactant
and the glycerol whereas the oil phase contains chloroform and the lipid. The oil we used
in our emulsion system is volatile in nature, so with time it evaporates from the double
emulsion shell and the volume decreases as seen in Figure 3A(ii). Along with the reduction
in the chloroform the lipid molecules adsorb to the interface between the inner core, oil
shell, and outer aqueous phase (Figure 3A (iii)) thereby reducing the interfacial energy.
The reduction in the chloroform induces an attractive interaction between the two-lipid
monolayer at the interface, forcing them to stick together and form a bilayer membrane.
Once the oil phase achieves its critical thickness it dewets the newly formed bilayer
membrane and formed a lens of the oil phase that forms a nonzero contact angle with a
newly formed bilayer. This phenomenon is known as dewetting. The shrinking of oil phase
to a critical thickness is very essential for dewetting phenomena to occur because the
attractive force between lipid molecules increase strongly forming robust bilayer. When all
the residual oil is evaporated then we get the final structure called as liposomes i.e.
synthetic vesicle and it separates the inner and outer aqueous phase (Figure 3A (iv)).
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Figure 3. (A) A Schematic to illustrate the dewetting phenomena and the formation of
bilayer (i) A water in oil in water (w/o/w) double emulsion droplet with lipid dissolved in
the oil. (ii) Evaporation of volatile oil and thinning of the oil film. (iii) Partial expulsion of
the inner water droplet and bilayer formation (iv) Complete evaporation of volatile oil
resulting in lipid bilayer membrane. [26] (B) A Schematic illustrating the three interfacial
tension at the three interfaces after bilayer formation. Interfacial energies for a contact
angle θ < 90֯.

For the dewetting to take place contact angle plays a vital role. The contact angle
(θ) is the angle that a drop of liquid makes at a three-phase contact line (Figure 3B).
However, in our case only two interfacial tension are relevant, the tension of the oil-water
interface and the tension in the bilayer-water interface. The existence of low contact angle
in our system is because of the polar oil that we are using.
There is also a possibility for dewetting phenomena to occur in presence of high contact
angle between the phases (Figure 4B). In this case, the evaporation of oil phase leads to
dewetting with contact angle approaching 180°. This high contact angle results first in the
expulsion of inner water droplet from the oil phase droplet and later to the complete
detachment of inner water droplets. The complete dewetting of organic phase to the inner
water droplets during rapid solvent evaporation leads to an interfacial instability, wherein
the large droplet spontaneously breaks up into many smaller droplets. The interfacial
instability arises when we have two fluids of different densities and when the lighter fluid
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is pushing the denser fluid. [27] Also this interfacial instability arises between fluid-fluid
interfaces due to the unstable growth of interfacial perturbations. [28] Due to this interfacial
instability the droplets no longer remains spherical, but instead undergo an instability in
which their interfacial area spontaneously increases resulting in the spontaneous break-up
of larger droplets into numerous smaller droplets before bilayer formation as shown in
Figure 4C. [29] Thus, a crucial step of this process is the choice of the oil phase; it must be
polar, volatile and the lipid must be soluble within it. In this work, we have shown that the
interfacial instability can be prevented by reducing the available interfacial tension. The
interfacial tension can be reduced by carefully adjusting the adsorption of surfactant at the
oil-water interface, and by controlling the rapid evaporation of the oil phase.

Figure 4. Schematic representation of high contact angle between two phases resulting in
double emulsion droplets coalescence (A) Double emulsion droplets (B) Partial expulsion
of inner water droplets from double emulsion, resulting in high contact angle (C) Complete
detachment of inner water droplets and spontaneous breaks of large droplets into smaller
droplets.

The role of surfactant in the double emulsion to reduce the involved surface tensions,
assist lipid monolayer to form bilayer and for the formation of dewetting is significant. A
9

study by Dan et al. has reported that only the surfactant Pluronic F68 can assist the
dewetting process, this is because Pluronic F68 can adjust the interfacial energies required
for liposome preparation, while F-127 and other Pluronic copolymers are stable and can
maintain the core-shell structure for several hours not letting the dewetting to happen. In
contrast, in this work, we have successfully fabricated double emulsion by incorporating
the Pluronic F127 in the aqueous phase and have been able to transition the double
emulsion to dewetting process hence forming the multi-compartmental dewetting cages
(Figure 5).

Figure 5. Confocal micrographs to represent the dewetting cages. Lipid bilayer scaffold
having 1-7 compartment. The yellow arrows in two compartmental dewetting cage
represent bilayer separating two inner water droplets from one another and white arrow
represent bilayer separating outer water phase from inner water phase. Scale bars are 50
µm.
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Herein, our interest lies primarily to realize complex bilayer scaffold (dewetting cages)
upon the dewetting mechanism. There is no theoretical limit to the number of bilayer
compartments (dewetting cage) that this method enables (Figure 5). The dewetting cages
are vesicles that are partitioning lipid bilayers separating their internal volumes into several
distinct compartments (Figure 5). We demonstrate this by fabricating liposomes with up to
20 compartments.
These multi compartmental dewetting cages are potential candidates to be used as the
biochemical micro-reactors with spatially segregated reaction pathways. [30], [25] For
instance, a study by Elani et al. has shown how engineered multistep enzymatic reactions
can be performed within the reaction cascade. The reaction system employed contain three
distinct steps, each mediated by an enzyme (Figure 6A). Step 1 is the transformation of
lactose into glucose by enzyme lactase. Similarly, step 2 is the oxidation of glucose to
hydrogen peroxide in presence of glucose oxidase. Step 3 is the oxidation of amplex red
by hydrogen peroxide yielding fluorescent molecule, resorufin. These individual steps of
enzymatic reactions were performed in distinct compartments and their products
transferred to adjacent compartments with the aid of transmembrane protein pores,
initiating subsequent steps (Figure 6B) [21].
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Figure 6. Spatially segregated reaction sequences in multi-compartmental dewetting cages
(A) Multi-step enzymatic reaction pathway scheme. Number (i) denote lactose, (ii) indicate
D-glucose, (iii) hydrogen peroxide, and (iv) resorufin (B) Schematic of the threecompartment vesicle system. The three-step reaction cascade where each step is isolated in
a single compartment. The first compartment contains lactose, lactase, and α-HL. The
product glucose formed at first compartment is then pass to second compartment through
α-HL pore. In the presence of glucose oxidase, the glucose is producing hydrogen peroxide.
The product of second compartment hydrogen peroxide is pass to the third compartment
through bilayer since it is a small molecule and is permeable to bilayer. Hydrogen
peroxides initiate the oxidation of amplex red to resorufin in the third compartment.
(Adapted from reference 21).

Vesicles have been extensively studied and developed because they are
biocompatible and can operate in physiological environment. As the field matures, there is
a need to compartmentalize processes in different spatial localities within vesicles, and for
these processes to interact with one another. [25] This creates potential for more complex
vesicle-based chemical factories to be used in physiological environments. However, it is
necessary to reduce the vesicle size and allow high throughout production. Chemical
reactions in spatially segregated compartments open several routes for commercial
applications, most notably for in-situ drug manufacture, and as multi-component bio-
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devices that offer a chemical response to environmental stimuli. [31] Additionally, their
compartmentalization effect can be advantageous to perform incompatible reactions.
We have been able to fabricate liposomes with multiple compartments which are
similar to the polymersomes. [32] Polymerosomes also known as polymer-based liposomes
possess higher membrane thickness compared to liposome. The low membrane
permeability of polymersomes can be problematic in certain application such as microreactors because passive diffusion of small molecules through the membrane is extremely
low. The control over vesicle size and enable high efficiency that can aid to the stability
of such bilayer compartments is the current challenge. We use a microfluidic technique
that can optimize the vesicle size, efficiency, and stability of the bilayer compartment to
be used as a chemical micro-reactor aiming multistep reaction pathways. Our research
efforts are directed towards the stability of the complex multi compartmental dewetting
cages.
1.2 Thesis Objectives
The use of emulsions droplets using conventional methods for the synthesis of vesicles
has extensively used. There have also been significant advances in developing chemical
and biochemical microreactors, within these vesicles, where simple reaction is performed.
In this case, the chemistry is confined in only one space which limits the scope of vesicles.
Besides this very few scientists have worked in compartmentalizing vesicles. This is likely
due to tedious fabrication process, structural fragility, and instability of fabricated vesicles.
One of the most significant advancement is the fabrication of three compartments vesicles,
where three steps enzymatic reaction is performed. This technique of vesicles fabrication
lacks control over size and encapsulation efficiency. Herein, we show that higher order
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multicompartmental vesicles can be easily produced using microfluidic making them
versatile and easily reproducible.
This thesis work has primarily focused on: (i) fabricating double emulsion template
lipid bilayer multicompartmental dewetting cages. (ii) Attempt towards stability of these
dewetting cages. Details of the various accomplishments in this work are presented as
follows:
1. Fabricating lipid bilayer multicompartmental dewetting cages (Chapter 3)
Here, we investigate the formation of micrometer size spherical shape double
emulsions droplets to nonspherical bilayer scaffold having polyhedral geometry. The
mechanism how double emulsion droplets transition to these fascinating structures has
been studied.
2. Stability of dewetting cages (chapter 4)
Here, work is focused on stabilizing the scaffold fabricated in chapter 3. Studies are
conducted on the interfacial effect of surfactant, glycerol, and lipid on bilayer formation
and factor influencing their stability. We demonstrate the self-emulsification behavior of
chloroform in presence of surfactant F127 is essential for topological droplet formation.
Different polymeric and monomeric oil are introduced in oil phase and investigated their
impact on dewetting process. We find that acrylates monomer ethylene glycol methyl ether
methacrylate mimics all the behavior of chloroform for dewetting mechanism including
self-emulsification behavior. For the long-term stability functionalized silica particles are
used. We investigated the formation of lipid bilayer dewetting cages by modifying surface
chemistry of hydrophilic nanoparticles to hydrophobic. To do this, the surface chemistry
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of silica particles is controlled by functionalization with ligands having hydrophobic
terminal groups such as dodecyl triethoxy silane. Outline of this thesis work is shown
below in Figure 7.

Figure 7. Schematic illustration of thesis structure.
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Chapter 2
Experimental Methods
2.1 Introduction
In this chapter, various experimental methods and the materials that were used
during the experiments will be introduced. To realize the experiments, we used various
equipment such as capillaries, sonicator, weighing scale, hot plate, micropipette puller,
scoring tile, omnicure UV-lamp, tensiometer, vortex, inverted microscope, confocal
microscope. The droplet formation during the experiments were visualized and captured
by using inverted microscope. The bilayer structures were visualized using confocal
microscope. The dewetting cages were attempted to stabilize using UV induced
polymerization.
2.2 Materials
Pluronic-F127 (MW=12600 g/mol), Mineral oil, Ethylene Glycol methyl Ether
Methacrylate (2-Methoxyethyl Methacrylate) (MW = 144.17 g/mol) (99%), HMPP(2Hydroxy-2-methyl-propiophenone)

(MW

=

164.20

g/mol)

(97%),

OTS(Trichloro(octadecyl) silane) (MW = 387.93 g/mol) (>90%), (3-mercaptopropyl)
triethoxy silane, trichloro (1H,1H,2H,2H,-perfluoro-octyl) silane, 11-mercapto undecyl
trimethoxy silane, n-Dodecyltriethoxy silane, Ludox TM 50, Polylactide (PLA),
Poly(ethylene glycol)diacrylate, Tri (ethylene glycol)dimethacrylate (MW = 286.32 g/mol)
(95%), and PDADMAC (poly (diallyl dimethylammonium chloride)) were purchased from
Sigma

Aldrich

phosphocholine)

and

used

(>99%),

as

received.
fluorescence
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DOPC

lipid(1,2-dioleoyl-sn-glycero-3-

lipid

1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(carboxyfluorescein) (ammonium salt), Sodium chloride, Acetic
acid, Hexane (> 95%), Chloroform (99.8%), Glycerol (99.5%), Ethanol (200%), and Epoxy
glue were bought from different supplier agencies and used as received.
2.3 Fluid Flow: Dripping and Jetting
Drop formation has a rich dynamic that are affected by many parameters such as
average velocities of fluids, viscosity of the fluids, density, interfacial tension, surface
chemistry and device geometry. The process of drop formation within the capillary device
for two phase flow occurs by one by one of the two mechanism, dripping or jetting. [33]
When a liquid is forced to flow through the capillary channel, it will ultimately break into
drops at the orifice or away from the orifice. When the applied pressure is low i.e., when
the liquid is flowing at a slower rate, the emerging liquid drips at the capillary nozzle which
is called the dripping regime as shown below in Figure 8A. In the dripping regime, the
droplet experiences two competing forces; viscous drag pulling its downstream and surface
tension forces holding it on the tip. As soon as the drag force exceed the surface tension
acting on the capillary nozzle the droplets pinch off from the capillary nozzle. The droplets
produced in this way are monodispersed. Similarly, when the applied pressure is high, i.e.,
the liquid is flowing at a higher rate, the liquids form a thin stream that breaks into drops
away from the capillary nozzle which is called jetting regimes, as shown in Figure 8B.
There exist two distinct jetting regimes with significant differences in jet shape and the
mechanism controlling drop size. The first class of jetting is characterized by a jet that thins
as it moves downstream, as shown in Figure 8B. This occurs when the external shear force
is high, and the drop breakup occurs at the end of thin jet, meaning high capillary number.
The second class of jetting is characterized by widening jet as it moves downstream, as
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shown in Figure 8C. This happens when the internal fluid flows at a higher rate, resulting
in a high weber number. The transition between dripping and jetting in a microcapillary
two-phase coflowing stream is characterized by a state diagram that depends on both the
capillary number of the outer fluid and weber number of inner fluids. The capillary number
(Ca) is a dimensionless number which is defined as the ratio of viscous and interfacial
forces, as described below:
𝐶𝑎 = shear force / surface tension force =

μu

Equation 2

γ

Where μ represents viscosity of fluids, u is the fluid velocity and γ denotes the surface
tension.
When 𝐶𝑎 > 1, shear force deforms droplet away from sphere.
The weber number (We ) is also a dimensionless number which is defined as the ratio of
inertial force and surface tension.

(We ) = inertial force of outer fluid / surface tension force =

ρu2 d
γ

Equation 3

where ρ denotes density, u represents the average velocity, d is the droplet diameter
and γ denotes the surface tension. Inertial forces are the force due to the momentum of the
fluid. The denser a fluid is, and the higher its velocity, the more inertia it has. Viscous
forces are the frictional shear forces due to the relative motion of the different layers in a
flowing fluid. The ratio between the inertial forces and the viscous forces is defined by
another dimensionless number called Reynolds number (Re):
𝑅𝑒 = inertial force / viscous force =

ρuL

Equation 4

μ
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where ρ stands for the density of the fluid, u signifies the fluid velocity, L represents a
characteristic linear dimension, and μ refers to the fluid viscosity. The Reynold number
define the flow regime of the fluid. At low Reynold number values, the viscous forces are
greater than the inertial forces and the flow regime within the capillary is laminar. When
the viscous forces are dominated by the inertial forces, the turbulent flow occurs. The flow
of fluid within our designed microfluidic capillary channel is the laminar flow. The
condition for the jetting is the high flow rate of outer and the middle fluid. When 𝐶𝑎 > 1
and 𝑊𝑒 > 1 the jetting phenomenon occurs, which is illustrated in the Figure 8B. The
condition for the dripping phenomena is the low flow rate of outer and the inner fluid. In
this case when 𝐶𝑎 < 1 and 𝑊𝑒 < 1 the dripping phenomenon occurs. Thus, in our work it
is essential to stay in the dripping regime to generate monodisperse droplets.

Figure 8. Illustration of dripping and jetting phenomena in a capillary microfluidic system
(A) Dripping (B) Narrowing jetting (C) Widening jetting (D) State diagram of the dripping
to jetting transition in a coflowing stream as a function of capillary number and weber
number. Blue box represent dripping while red circle represents jetting. [33] Scale bars are
50 µm.

19

2.4 Microfluidic System
The microfluidic device is made of three coaxially aligned capillary tubes as shown
in Figure 9. To prepare the microfluidic device, a glass capillary with 300 µm ID and 400
µm OD is fixed at the center of microscope glass slide by applying 5-minute epoxy glue.
This capillary will be used to flow the continuous phase fluid and for collecting the
produced double emulsion. The collected double emulsion will flow to the collection
compartment through this channel. Once the glue gets dry, a square capillary of size 100
µm ID and 200 µm OD is tapered using micropipette puller to reduce its tip size to 30 µm.
This tapered tip capillary was inserted into the collection capillary (Figure 9). The position
of this capillary was right at the center of the collection capillary and was fixed with epoxy
glue. This capillary will be used to flow the middle phase fluid. Similarly, the innermost
capillary of size 50 µm ID and 80 µm OD is tapered to reduce its tip size to 15 µm. This
tapered tip will be inserted to the middle square capillary and is fixed by gluing it, ensuring
the alignment is perfectly at the center (Figure 9A). This capillary will be used to flow the
innermost fluid. After fixing all the capillaries, the channel was built in the opening of each
capillary along with the flushing channel. These channels will be used to inject each phase
and to flush the capillary.
For the continuous and the inner phase, the channel is built of plastic dispensing
needles, while for the middle phase the channel is of metal needle (Figure 9B). We replace
plastic needle with the metal needle because the organic oil is not compatible with plastic
and with time the fluid leaks. The channels are sealed well by applying the epoxy glue and
letting dry for 12 hours. Finally, at the end of the collection capillary a needle is fixed and
is glued, as shown in Figure 9B. Clear polypropylene tubing (Tygon, Cole - Palmer) is used
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to connect the needle to inlets of the device and the outlet to the collection compartment
(Figure 9C). This needle will be connected to the tubing for the collection purpose. The
microfluidic device is designed in such a way that it allows for the monodisperse double
emulsion containing multiple inner water droplets to form right at the orifice of the
capillary channels. The capillary alignment and the device are shown in Figure 9.

Figure 9. (A) A schematic to demonstrate capillary alignment with double emulsion
generation. The green region in the droplet is oil phase, whereas the blue region is aqueous
phase (B) A complete microfluidic device. The yellow needles are for aqueous phases and
the metal needle is for oil phase. The needle within the respective channels is for flushing
purpose. The needle at the outlet is for collecting the double emulsion droplets (C)
Schematic of collection compartment. The produced double emulsions are collected in this
compartment and visualized under microscope.
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2.5 Micropipette Capillary Puller
The micropipette capillary puller (Model P-1000, Sutter Instrument) is employed
for tapering glass capillary tip to required diameter. This micropipette puller is designed to
use aluminosilicate, borosilicate, or other lower melting point glass capillary. Initially the
ramp test was performed and then ten piece of ID 50 µm, OD 80 µm capillary tubing is
placed in a micropipette puller where a point on the capillary tubing is brought to its
softening point through the use of a heating device such as an electrical filament. The
operating parameter was set to velocity 13m/s, heat 440ᵒC, time 1 and pull 5. Once the
capillaries tubing’s softening point temperature is reached, a mechanical parallel pulling
force is applied to each end of the capillary tube and it is pulled to the tip diameter 15µm.
The heat controls the level of electrical current supplied to the filament. Heat required to
melt a piece of glass capillary is a function of the filament installed and the particular glass
size. The pull parameter controls the force of the hard pull. A weak pull is applied to the
glass while it is heating. When the capillary has elongated a specific distance the pulling
force is increased, and the heating element is shut off. This second pull separates the glass
capillary into two pieces. In general, the higher the pull, the smaller the tapered tip
diameter and the longer the taper. Similarly, the square capillary having ID 100 µm, OD
200 µm was tapered using the similar approach to 30 µm.
2.6 Surface Functionalization

The capillary used in our microfluidic device is made up of glass, which is
hydrophilic, since it is covered with polar OH groups. The water droplets that pinch off
from the innermost capillary nozzle wet the middle square capillary wall instead of flowing
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inside the dripping regime (Figure 10A). These droplets need to flow forward without
touching the wall and should enter the dripping regime which is happening at the square
capillary nozzle to produce double emulsion. So, to solve the droplets sticking to the
capillary wall the hydrophilic capillary need to be hydrophobic. To render surface
hydrophobicity to the capillary wall, the capillary was functionalized by OTS trichloro
(octadecyl) silane). The OTS treatment is done by dipping the square capillaries in a
solution of 1 wt% OTS in mineral oil for 12 hours. Afterwards the surface functionalized
capillaries were cleaned by dipping in a glass vial containing hexane and dried using air.
Similarly, the cylindrical collection capillary and the collection compartment used
to collect the generated double emulsion were also surface functionalized. The chloroform
wets the wall of collection capillary (Figure 10B) and the produced double emulsions are
more likely wetting the compartment after collection (Figure 10C). This ensures that we
need to treat the collection capillary and collection compartment more hydrophilic. The
capillary

and

the

collection

compartments

are

treated

with

PDADMAC

(Polydiallyldimethylammonium chloride) to render its surface hydrophilic.
A solution of 0.2 wt.% PDADMAC (stock solution of 0.5 mol/Nacl) in deionized
water is prepared. The cylindrical capillary is treated by flowing the solution continuously
through the capillary with the help of syringe for 20s. The collection compartment is filled
with solution and leave for 1 minute. Then they are cleaned subsequently with deionized
water for several times and were air dried. Later the surface functionalized microcapillary
is used to build microfluidic device and surface functionalized collection compartment for
collecting the double emulsion.
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Figure 10. Micrograph depiction of wetting of capillary wall and collection compartment
(A) The inner water droplets sticking to the square capillary wall as indicated by black
arrow (B) The middle phase sticking to the cylindrical capillary wall. The two black arrows
are pointing to the wetting region (C) The collected double emulsions wetting the collection
compartment. The droplets are not spherical because they are wetting the microscope slide.

2.6.1. Chemical modification of hydrophilic surface. OTS (trichloro (octadecyl)
silane) is an organosilicon compound which is used for a wide variety of applications, such
as coupling agents for glasses and polymers, as adhesion promoters, as cross-linking and
dispersing agents, and for hydrophobization. The OTS we use consists of a long
hydrocarbon chain (C18) (Figure 10A) with a trichlorosilane at one end. During surface
treatment, the hydrophobic monolayer of OTS is deposited on the silica glass. The
trichlorosilane polar head groups hydrolyze and convert the Si-Cl bonds to Si-OH
(silanol)groups. The silanol groups, which are strongly attracted to the oxidized hydrophilic
surface, condense with the OH (hydroxyl) groups on the surface to form Si-O-Si (siloxane)
linkages. [35] The siloxane groups condense with other and similar groups on precursor
molecules, producing covalent siloxane bonds. This result in a hydrocarbon monolayer in
which the molecules are connected to each other and the surface by strong chemical bonds.
Thus, the OTS has the ability to form self-assembled monolayers (SAMs) of alkyl chains
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chemically bond to glass and silicon oxide surfaces to form closely packed and ordered
hydrocarbon layers. [34]
The hydrolysis of the first alkoxy group on OTS occurs as follows:
𝑹 − 𝑆𝑖(𝑂𝑅)3 + 𝐻 + ↔ 𝑹 − 𝑆𝑖(𝑂𝑅)2 𝑂𝑅𝐻 +

Reaction 1

𝑹 − 𝑆𝑖(𝑂𝑅)2 𝑂𝑅𝐻 + ↔ 𝑹 − 𝑆𝑖(𝑂𝑅)2 𝑂𝐻 + 𝑅𝑂𝐻 + 𝐻 +

Reaction 2

Where R represents the octadecyl chain and R represents an alkyl group. Reaction 1 depicts
the electrophilic process of protonation of alkoxy group of OTS. Once protonated, the
nucleophilic attack of water on the silicon atom of OTS readily occurs as shown in reaction
2. Alkoxy moieties are poor leaving groups, however, the protonated alkoxy moiety is a
much better leaving group. Once silanol groups form, they can condense through two
different reactions to form connective silicon-oxygen-silicon-bridges.
𝑹 − 𝑆𝑖(𝑂𝑅)2 𝑂𝐻 + 𝑅 − 𝑆𝑖(𝑂𝑅)3 ↔ 𝑹 − 𝑆𝑖(𝑂𝑅)2 𝑂𝑆𝑖(𝑅)(𝑂𝑅)2 + 𝑅𝑂𝐻

Reaction 3

𝑹 − 𝑆𝑖(𝑂𝑅)2 𝑂𝐻 + 𝑅 − 𝑆𝑖(𝑂𝑅)2 𝑂𝐻 ↔ 𝑹 − 𝑆𝑖(𝑂𝑅)2𝑂𝑆𝑖(𝑅)(𝑂𝑅)2 + 𝐻2 O Reaction 4
These reactions depict the alcohol and water producing chemical condensation reactions.
The silane molecules are attached to the silica surface via direct condensation reaction. The
silane undergoes hydrolysis and condensation before deposition on the surface. The alkoxy
molecules are hydrolyzed in contact with water. This is followed by self-condensation
reactions between the hydrolyzed silanes. Then, the silane molecules are deposited on the
silica surface through formation of siloxane bonds between the silanol groups and
hydrolyzed silanes with the release of water molecules, as shown in Figure 11B.
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Figure 11. (A) Chemical structure of OTS (B) Reaction scheme of OTS on silica surface.
R represent the long hydrocarbon chain of alkyl group. The OTS molecules bond
covalently to the surface through hydrolysis and form a dense network.

2.6.2. Polyelectrolyte (PDADMAC) adsorption on silica surface to render
surface hydrophilicity. PDADMAC is a strong cationic polymer with permanent
positively charged quaternary ammonium group in each monomeric unit and it can thus
adsorb to negatively charged silica surface (Figure 12A). This coating is used to modify
the surface wettability, where layer-by-layer polyelectrolyte coatings on surfaces are used
to modify the surface properties. The physical adsorption is possible when a strong
electrostatic interaction exists with a negatively charged surface. Upon adsorption, huge
amounts of counterions are released from polyelectrolyte monomer units and from the
charged surface groups. When an ionic compound is dissolved in the solvent, the ions act
to screen the charge on the polyelectrolyte chains. In the assembly process, the
concentration of NaCl can significantly control the deposited amount of layer. The ionic
concentration of the solution will determine the layer formation characteristics of
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polyelectrolytes. With increasing salt concentration, the polyelectrolyte molecules become
more entangled because of screening of the charge repulsion of the polyelectrolytes,
therefore a thicker film is produced. [35] At low salt concentration, the charges present on
the repeat units of the polymer are the dominant force controlling conformation. Since there
is very little charge present to screen the repulsive interactions between the repeat units,
the polymer assumes a very spread out, loose conformation. At low or moderate salt
concentration the adsorption is quasi-irreversible, and the polyelectrolyte remains on the
surface upon dilution. This is the consequence of the huge number of contacts between the
monomer-units and the surface-groups upon dilution. [35]

Figure 12. (A) Chemical structure of PDADMAC (B) Schematic of adsorption of
positively charged group on negatively charged silica surface. The green line represents
the polyelectrolyte layer on the silica surface. When the PDADMAC gets adsorbed on the
glass it makes the glass more hydrophilic. The large size and high charge density of this
cationic polyelectrolyte tend to compensate the negative surface charge, resulting in a net
positive charge. PDADMAC is a polycation meaning it has many positive charges. Charges
are always hydrophilic because they are very polar.

2.7 Contact Angle Measurements
Contact angle (θ), is a quantitative measure of wetting of a solid by a liquid. The
contact angle is geometrically defined as the angle formed by a liquid at the three-phase
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boundary where a liquid, gas, and solid intersect. There are three different forces acting on
this three-phase contact point between solid, fluid and fluid. The contact angle is greatly
affected by the impurities so to have a more accurate measurement, the glass microscope
slide was cut into smaller pieces and dipped into concentrated sulphuric acid for 12 hours.
Afterwards, they were extensively rinsed with deionized water for some time, dried under
a nitrogen flow and immediately transferred to glass sample containers. Also, the glass
sample containers were cleaned with 98% sulphuric acid, rinsed with water and dried under
a nitrogen flow. Later the glass sample container was filled with PDADMAC solution.
During experimentation, a drop of oil phase was placed on a microscope glass slide, the
drop gets a shape that depends by its weight, by the density, by the surface tension and the
liquid affinity toward the surface. The sessile drop method was used to measure contact
angle of oil phase droplets on glass surface.
2.7.1. Sessile drop method. The sessile drop method is the most commonly used
method to determine preferential wetting of a given solid by oil and water. Wetting is the
ability of a liquid to spread over a surface. The degree of wetting is measured by the contact
angle (θ) formed between the liquid and the solid surface. In general, the smaller the contact
angle and the smaller the surface tension, the greater the degree of wetting. The contact
angle ranges from 0˚ to 180˚. If the droplet is strongly attached to the solid which is
hydrophilic in nature, the liquid completely spread out on the solid surface. In this scenario,
the contact angle is between 0˚-90˚, which is referred as the condition of high wetting
(Figure 13A). A contact angle of 0˚ will occur when the droplet has turned into a flat
puddle; this is called complete wetting. For the hydrophobic surface, the water droplet on
the solid surface beads up by decreasing the contact with the surface. The contact angle in
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this case is between 90˚-150˚ (Figure 13B). A high contact angle indicates a low solid
surface energy or chemical affinity, which is referred to as a low degree of wetting.
Similarly, for super hydrophobic surface the water droplet highly beads up, making a
contact angle greater than 150˚, which is the condition of non-wetting (Figure 13C).
In practice, a droplet is placed on the solid surface and an image of the drop is
recorded. Using optical tensiometer, the liquid drop shape is analyzed by using a digital
camera. In the simplest of cases, a manual syringe is used to dispense a given volume of
liquid to the end of a needle tip. Then, the needle tip is gently brought into contact with the
surface of interest, and the syringe tip is pulled away leaving the drop on the surface. The
contact angle is then defined by fitting Young equation around the droplet with the tangent
line drawn from the baseline of the drop to the edge.

γSG = γLS + γLV cosθ

𝑐𝑜𝑠𝜃 =

Equation 5

𝛾𝑆𝐺 − 𝛾𝐿𝑆

Equation 6

𝛾𝐿𝐺

Where γLS is the liquid and solid interfacial free energy, γSG is the solid and gas surface
free energy, γLG is the liquid and gas surface free energy, θ is the contact angle between
three phases.
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Figure 13. Schematic representation of wetting of sessile water drop on solid surface (A)
A water droplet on solid surface illustrating perfect wetting of droplet on the solid surface.
(B) Low degree of wetting (C) Non-wetting.

2.8 Interfacial Tension Measurement
The interfacial tension between oil and water interface is an important parameter
for the formation as well as for the stability of our double emulsion. When two immiscible
phases are in contact with each other the molecule at the interface experience an imbalance
of forces. This leads to an accumulation of excess free energy at the interface. The free
energy is known as the interfacial energy. The measurement of this excess energy is known
as the interfacial tension measurement. Interfacial tension is a phenomenon that, at the
molecular level, results from the difference in energy between molecules at a fluid interface
when compared to their bulk counterparts. To understand this phenomenon experimentally,
the pendant drop method is employed. To evaluate the interfacial tension between two
immiscible fluids using the pendant drop method it is necessary to evaluate the density of
both fluids. Prior to the measurement all the glassware was cleaned with 98% sulphuric
acid, the needle tip was dipped into ethanol and was flame burned to remove all the
contaminants. Aqueous solution and oil solution were equilibrated against each other in a
glass cuvette. Measurements of the interfacial tension were performed in this cuvette on
the equilibrated interface.
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2.8.1. Pendant drop method. The pendant drop tensiometer is the most
convenient, versatile, and robust methods to measure interfacial tension between two
interfaces where the measurement consists simply of a fluid suspended from a needle.
This method involves the determination of the profile of a drop of one liquid suspended
in another liquid at mechanical equilibrium. The profile of a drop of liquid suspended in
another is determined by the balance between gravity and surface forces (Figure 14). This
technique is usually applied for studying the kinetics of surfactant adsorption at the
interfaces. In this simple approach, an axisymmetric fluid droplet hanging from a needle
tip is fitted with the Young-Laplace equation by balancing a gravitational deformation of
the drop with the restorative interfacial tension attached to a circular needle tip. [36] A
pendant drop at equilibrium obeys the Young–Laplace equation, which relates the
Laplace pressure across an interface with the curvature of the interface and the interfacial
tension γ.
1

1

ΔP = γ (R1 + R2)

Equation 7

Where R1 and R2 are the principal radii of curvature, γ denote the surface tension, 𝛥𝑃 =
Pinside − Poutide is the Laplace pressure across interface.
The shape of an axisymmetric pendant drop depends on a single dimension-less quantity,
the bond number Bo, derived by Bashfold [37], defined as,
Bo = ΔρgR o 2 /γ

Equation 8
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Where Δρ represent density difference between two phases, g represents gravity force, R o
represent radius of drop at its apex, and γ represent interfacial tension. A shape dependent
quantity, S, developed by Andreas et al. is defined as

S=

ds
⁄d
e

Equation 9

Where de is the equatorial diameter and ds is the diameter measured at a distance d from
the bottom of the drop. A convenient way to measure R o is developed by an equation given
by
d

H = −β( Re )2
o

Equation 10

Subsequently the interfacial tension (IFT) is measured by
γ = Δρgde 2 /H

Equation 11

Empirical methods using pendant drop method of water have been used to derive relations
between H and

ds
⁄d , as showed by Bartell et all. [38]
e
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Figure 14. Schematics of pendant drop method to determine interfacial tensions. The
pendant drop method is ideal for studying surfactant adsorption kinetics.

2.9 Experimental Setup
A schematic representation of our experimental setup is shown in Figure 15. The set up
comprises of two pressurized liquid supply containers which contains water phase and a
syringe pump with oil phase. The water phase and the oil phase containers are connected
to the respective channels in the microfluidic device. The microfluidic device is adjusted
on the inverted microscope so that the emulsion droplets can be focused and visualized in
the field of view. A Camera (CMOS camera) connects the microscope and a computer
system which allows to capture magnified images for further image processing. The
emulsion droplets are also collected in a collection bath for their structure analysis and to
observe their dewetting phenomena with the help of an inverted microscope (Figure 15).
The collected droplets are also polymerized and displayed under microscope and the
corresponding micrographs are captured by using Camera. To prepare double emulsions
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for confocal laser scanning microscopy (CLSM) visualization, double emulsions are
collected into a custom-made bath having a microscope slide at the bottom.

Figure 15. Schematic depiction of the experimental setup.
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Chapter 3
Lipid Bilayer Multicompartmental Dewetting Cages
This chapter includes the fabrication of double emulsions with spatially separated
monodispersed inner water droplets. The dependency of pressure driven flow to the number
of inner water droplets is quantified. The shape transition of double emulsions by using
volatile oil through dewetting mechanism to multicompartmental dewetting cages each
separated by lipid bilayer is demonstrated.
3.1 Chemicals Used and Their Functions
The aqueous phase solution is prepared by adding 0.1 wt.% Pluronic F127
surfactant and 10 wt.% Glycerol in water. Pluronic F127 (Figure 16B) is a non-ionic
triblock copolymer which enhances the stability of double emulsion droplet by reducing
the interfacial tension of the oil water interface. The nonionic surfactant was chosen
because it has a lower potential toxicity and lesser concern than other ionic surfactants.
Pluronic F127 can also prevent the coalescence of the double emulsion droplets through
the water phase and help to improve stability of the vesicles. This is because of the so called
hydrophilic-lipophilic balance (HLB) number. F127 has a high HLB number, meaning it
is hydrophilic and stabilizes oil in water. This also assist the lipid molecule to form bilayer.
Pluronic F127 is a triblock co-polymer that is used to prevent cell membranes from
hydrodynamic damage and has been used to re-stabilize cell membranes following
electroporation. [39] Pluronic F-127 is also used in large scale mammalian cell culture and
was found that at low concentrations, can enhance cell growth. [40] Glycerol (Figure 16D)
is a viscous water-soluble liquid that is commonly used in pharmaceutical formulations.
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Glycerol is included in the outer aqueous phase and inner aqueous phase to increase the
viscosity of the continuous phase to improve shearing of the viscous oil by water. The
presence of three hydroxyl group in the glycerol molecules render its viscosity. Glycerol
has also been shown to interact with lipid bilayers to decrease membrane ﬂuidity and
increase stability. [41] The viscous nature of glycerol improves the efficiency of the flow
which is required to make double emulsion. Similarly, the oil phase is prepared by adding
5 mg DOPC lipid/ml chloroform. The lipid (Figure 16A) has a low HLB number meaning
hydrophobic. Thus, the lipid stabilizes the inner water droplet.
For confocal visualization of dewetting cages a drop of fluorescence lipid 1,2-dioleoylsn-glycero-3-phosphoethanolamine-N- (carboxy fluorescein) (ammonium salt) (Figure
16C) is added to the oil phase. This is fluorescently labelled hydrophilic head group
fluorescence lipid which has an absorbance peak at 490 nm and emission peak at 515 nm.
Our DOPC lipid can be excited with a laser of 488nm (blue), and it emits fluorescence in
the range from 500-550 nm.

Figure 16. Chemical structure (A) DOPC lipid (B) Pluronic-F127 surfactant (C)
Fluorescence lipid (D) Glycerol.
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3.2 Generation of Double Emulsions
The microfluidic device (described in section 2.4) is cleaned by flowing ethanol
through each of the channels and later by flowing deionized water before experiment. Then,
the channels are dried by blowing air from the air blower. The aqueous phase (0.1 wt.%
F127+10 wt.% glycerol in water) is distributed into two pressurized containers to inject as
a continuous and inner phase flow from two distinct channel. The oil phase (5 mg DOPC
lipid/ml chloroform) is filled into the 6 ml syringe. Then the continuous phase is injected
into the outer capillary channel through pressure driven flow by applying pressure of 40
psi. After all the impurities are washed away then the flow rate is tuned to 25 psi. The oil
phase is injected through middle capillary channel by applying pressure of 30 psi. To have
a uniform dripping regime in the capillary nozzle the pressure is dropped to 20 psi later.
The continuous and middle phase allow to form monodispersed oil-in-water single
emulsion right at the capillary nozzle. To produce double emulsion the aqueous phase is
injected from the inner capillary channel at a pressure of 15 psi. Once the fluid experienced
the applied pressure, it is then reduced to 5 psi. This pressure produced single water droplet
at the inner capillary nozzle. This single inner water droplet enters the dripping regime that
is forming at the middle square capillary nozzle hence producing water-in-oil-inwater(W/O/W) double emulsion. The double emulsion travel downstream through the
outer collection capillary and are collected in specially designed collection compartment.
The collection compartment is prepared by first cutting the glass vial and gluing the glass
vial on the microscope glass slide. It is then filled with deionized water to half prior to
double emulsion collection.
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3.3 Results and Discussion
3.3.1. Results of contact angle measurement. The contact angle measurement is
performed to understand the wetting of the oil phase on the microfluidic channel and the
wetting of double emulsion droplets on the collection compartment. Contact angle
measurement of oil phase droplets under water on a PDADMAC treated and untreated
glass slide were carried out to demonstrate the effect of wetting by the oil phase through
sessile drop method. First a drop of oil phase is placed on a regular microscope glass
slide (untreated) and the contact angle is measured. The contact angle (θ) depends on the
oil-water interfacial tension, the chemical composition, and the morphology of the
surface. These surface energies in turn depend on the concentration of surface-active
molecules at these interfaces. For untreated glass slide the oil droplets spreads increasing
its contact area with the surface. This measurement shows an angle less than 90 degree
meaning the oil phase droplets is wetting the glass surface (Figure 17A). Next, for
PDADMAC treated microscope slide the oil droplets decreases its contact with the
surface and the measurement shows an angle > 90 degree meaning hydrophobic (Figure
17B). This ensures that our double emulsions will not wet the collection compartment.
Similarly, to solve the wetting of oil phase on the collection capillary channel, the
PDADMAC surface adsorption in section 2.5 explains how the PDADMAC coating
works well on treating the glass slide to avoid wetting.
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Figure 17. Micrograph of sessile oil droplet in glass surface. 𝜰𝑶𝑾 represent the oil-water
interfacial tension, 𝜰𝑾𝑺 represent the water- solid surface interfacial tension, and 𝜰𝑶𝑺
represent the oil- solid surface interfacial tension (A) Untreated microscope slide. The oil
droplet is spreading on the glass surface making larger contact with the surface. This results
in a contact angle of 76˚ (B) PDADMAC-treated microscope slide. After coating the glass
surface, the oil droplet minimizes its contact with the surface resulting in a high contact
angle of 146˚.

3.3.2. Monodispersed double emulsion. The monodispersed double emulsions are
forming at the dripping regime as shown in Figure 18A. The dripping phenomena at the
capillary orifice occurs when a liquid is injected in a second immiscible liquid. However,
in our cases there occurs two dripping phenomena, first the oil droplets from the middle
capillary nozzle (green arrow in Figure 18A) when contact with outer continuous water
phase, second the inner water droplets in contact with middle oil phase (blue arrow in
Figure 18A). These two drippings at the respective capillary nozzle then allow the
formation of water-in-oil-in water double emulsions (Figure 18B). The dripping of middle
oil droplets at the square capillary nozzle (region where green arrow is pointing) happens
when the shear force exerted by the outer continuous phase exceeds the surface tension
force acting on the capillary nozzle. Similarly, when the middle oil phase exceeds the
surface tension force acting on the inner capillary nozzle then the inner water droplet
pinches off from the nozzle (blue arrow region) and flow downstream and enter the
39

emulsion forming at the middle capillary nozzle (yellow arrow region). In the dripping
regime, the growing droplets experiences two competing forces: viscous drag pulling it
downstream and forces due to surface tension holding it to the tip. Initially, surface tension
dominates but the drag forces eventually become comparable as the droplet grows. This
process thus produces double emulsion known as water-in-oil-in water emulsion (Figure
18A). These double emulsions travel some length in the outer collection capillary and are
collected in collection compartment containing deionized water for microscope
visualization. The collected emulsions are monodispersed and show Brownian motion
when observed through the microscope. A micrograph is shown in Figure 18B to
demonstrate monodispersed double emulsion. This monodispersity in the double emulsions
is achieved by controlling the flow rate of three phase fluids.

Figure 18. (A) Micrograph depiction of dripping phenomena for double emulsion
generation (B) Micrograph of double emulsions containing 1 inner water droplet. Scale
bars are 50 µm.
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3.3.3. Double emulsion with controlled monodisperse water droplets. Our
microfluidic system allows for the generation of double emulsion with desired number of
inner water droplet. The number of small droplets contained within the large oil drop
depends on the frequency of drop formation for the inner and middle fluid. When the
innermost fluid breaks into droplets more rapidly than the middle fluid, we obtain large
oil droplets that hold many small aqueous droplets. However, if the rate of drop
formation is the same, double emulsion with a single inner water droplet is formed.
The number of inner water droplet can be controlled by tuning the flow rate of the
phases. First, double emulsion containing one inner water droplet is produced by tuning
the continuous, middle, and inner fluid flow to 30, 20, and 5 psi. The number of inner water
droplets depend on the flow rate of inner fluid. After this observation, keeping the outer
and middle phase flow constant double emulsions are produced by varying the inner
aqueous phase flow. The increase in the inner phase pressure from 5 psi to 8 psi produce
double emulsion with two monodispersed inner water droplets (Figure 19A (i)). Similarly,
increasing the pressure to 10 psi produce double emulsion containing three inner water
droplets (Figure 19A (ii)). In this way this specially designed microfluidic device can be
employed to produce double emulsion with monodispersed higher number of inner water
droplets. The dependency in the number of inner water droplets and the flow rate of inner
aqueous fluid is shown in the Figure 19B.
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Figure 19. (A) Micrograph of double emulsion containing variable number of inner water
droplets (i) two inner water droplets (ii) three inner water droplets (iii) four inner water
droplets (iv) six inner water droplets (B) A graph to show the variation in number of inner
droplets against pressure. Scale bars are 50 µm.

3.3.4. Shape transition of double emulsion to lipid bilayer scaffold.
The double emulsion droplets show a sequential step in their shape transition to the
final structure through dewetting mechanism. The shape transition of each emulsion is
observed carefully under the microscope right after collection. The step wise process of
how the double emulsion droplets merge into bilayer is depicted in the micrograph in
Figure 20. It is apparently seen in every micrograph; chloroform is maintaining very low
contact angle with lipid bilayer in process of dewetting mechanism. Double emulsion
containing single inner water droplet results in a single compartmental bilayer that has
potential in separating inner and the outer aqueous phase. Similarly, for the double
emulsion containing two inner water droplets it can been seen from the micrograph how
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the evaporation of chloroform leads to the formation of an “apple core” like topology. The
final structure represents lipid bilayer scaffold with two compartments. Each of the
compartments are separated by lipid bilayer forming within the two inner water droplets.
In a similar manner, for double emulsion containing three inner water droplets upon
confinement by evaporation, the droplets are forced to pack in a crystalline arrangement.
This gives rise to three compartmental dewetting cage. In this way, the number of
compartments in our bilayer scaffold can be increased by increasing the inner water
droplets in the emulsion droplet. We have demonstrated this by generating greater than 20
compartmental dewetting cage (Figure 21A). The more the inner water droplets the larger
the lipid bilayer compartments can be produced. Again, each of the compartments are
separated by lipid bilayer. The shape transitions of a double emulsion containing 1-8 inner
droplets is shown in the Figure 20. From these unique multicompartmental dewetting cages
we can see that the hypothesis we generated, the low contact angle of chloroform on the
lipid bilayer is required to obtain the dewetting cages has been justified.
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Figure 20. Shape transition of double emulsion to lipid bilayer scaffold.

The dewetting cages structure shown in figure 20 are visualized under confocal
microscope by adding fluorescence lipid to the oil phase to reveal complex droplets
topology. The micrograph shown in Figure 21B describes the lipid bilayer formation
between each inner water droplets (Figure 21B indicated by blue arrow). The internal
aqueous phase and outer aqueous phase is separated by the outer boundary lipid bilayer
(Figure 21 B indicated by black arrow). The ability of these lipid bilayer to acts as a barrier
to segregate fluid in each of the distinct compartments make them rich for future diverse
applications such as encapsulating active materials, reaction vessels, biochemical
microreactors, and so on. Unfortunately, these dewetting cages structures are fragile and
collapse within 1 hour of formation. If these structures can be stabilized, they possess
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potential in many arrays of research. Thus, it is essentially important to preserve these
fascinating structures for application purpose. I am motivated towards stabilizing these
unique architectures of lipid bilayer scaffold. Details of strategy I tried towards this goal is
explained in the following chapter.

Figure 21. (A) Dewetting cages having higher number of compartments (i) Double
emulsions having 20 inner water droplets (ii) Dewetting cages with twenty compartments
each separated by lipid bilayer (iii) Double emulsions containing greater than 30 inner
water droplets (iv) dewetting cages having greater than twenty compartments (B) Confocal
2D images of dewetting cages depicting bilayer structure (i) Lipid bilayer scaffold with
two compartments. The black arrow indicates the bilayer separating inner and outer water
phase. The blue arrow indicates the bilayer formation between two inner water droplets,
which separates one compartments from another (ii) Lipid bilayer scaffold with three
compartments. In this micrograph the black arrow denotes the outer bilayer separating
inner and outer aqueous phase. Similarly, the blue arrow denotes the inner bilayer
separating inner aqueous compartments from each other (iii) Lipid bilayer scaffold having
four compartments (iv) Lipid bilayer scaffold having seven compartments. In all these
micrographs the lipid bilayer is acting as a barrier to isolate fluid in each compartment.
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Chapter 4
Stability of Lipid Bilayer Dewetting Cages

In this chapter, I will demonstrate the method applied in aiming to stabilize the lipid
bilayer dewetting cages. I tried to achieve this goal by applying following methods. (1)
Parameter variation. Double emulsions are fabricated by keeping one parameter constant
and varying other parameters that influence the bilayer formation. A systematic study is
done for each of the parameters in details to understand their interfacial behavior for bilayer
stability. (2) Adding polymers/monomer to the oil phase. As explained in above section,
our dewetting cages are fragile and breaks easily so, providing some strength to the bilayer
is necessary. Here I am trying to enhance robustness to the bilayer by adding polymer and
monomer to the oil phase. Adding suitable photo initiator in the monomer the structures
are submitted for ultraviolet polymerization. (3) Use of functionalized silica nanoparticles.
Silica nanoparticles are synthesized by using alkyl silane through systematic monitoring of
reaction parameters. Later the surface modified silica particles are dispersed in chloroform
and use for double emulsions fabrication.
4.1 Parameter Variation
The surfactant, glycerol and lipid interfacial activity become crucial upon the
bilayer formation. Thus, their concentration variation could aid in the stability of our
dewetting cages. Since we used 0.1 wt.% surfactant concentration while generating the
above dewetting cages, this concentration might be insufficient to fully adsorb at the oilwater interface. In a similar manner, the variation in the glycerol concentration is likely to
affect the viscosity and membrane fluidity, which will affect in the stability of bilayer cage.
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From the experimental result it is seen that the higher lipid concentration (5 mg DOPC /ml
chloroform) is more favorable for our double emulsions droplets to transit into robust
bilayer scaffold, but this concentration did not help to stabilize the bilayer scaffold. So, we
are expecting even higher lipid concentration may aid in the stability of inner water
droplets, and to the stability of dewetting cage. This is because the increasing no of lipid
molecules at the interface will affect the interfacial phenomena. From the interfacial
tension measurement experiment (section 4.1.1.2) we know that the DOPC lipid plays a
significant role in reducing the interfacial tension. The reduction in the interfacial tension
can induce lipid molecule to tightly packed to give stable dewetting cage structure.

4.1.1. Result and discussion.

4.1.1.1. Surfactant F127 concentration variation in the aqueous phase. This
experiment was done to study the effect of surfactant in the stability of lipid bilayer
scaffold. For this experiment, double emulsion with multiple inner water droplets were
generated by varying surfactant concentration in the aqueous phases and keeping all other
parameters constant. For this study, the glycerol concentration was kept constant at 10
wt.% in the aqueous phases. Similarly, 5 mg DOPC lipid per ml chloroform was
incorporated in chloroform as the oil phase. Surfactant F127 was varied from 0 to 2 wt.%
with constant grid size of 0.05 wt.% in the water phase. The droplet formation process from
the beginning stage to the final stage of dewetting cages were observed for all the surfactant
concentrations. At a concentration of 0 wt.% i.e. no surfactant in the aqueous phases the
double emulsion droplet converged into lipid bilayer scaffold and the scaffold were stable
for more than three hours (Figure 22A). The stable structures are visualized in confocal
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microscope by adding fluorescence lipid to reveal the bilayer. The 2D confocal images in
micrograph B shows the stable bilayer scaffold.

Figure 22. Micrographs of the dewetting cages fabricated without surfactant in the aqueous
phase (A) (i) 2 compartmental bilayer cages (ii) 4 compartmental bilayer cages (B) 2D
confocal slice. (i) two inner water droplets dewetting cage (ii) four inner water droplets
dewetting cage. The interfacial activity of lipid becomes important in stabilizing these
dewetting cages. Scale bars are 50µm.

Introducing 0.05 wt. % surfactant in the water phases also helps the double emulsion to
merge into bilayer scaffold. However, the bilayer scaffold was deforming soon after
formation. The stability of the bilayer scaffold was not achieved for even higher surfactant
concentrations. This is likely because the surfactant F127 dissolved in both phases, it does
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not act as an efficient surfactant on the oil-water interface. But, at and above surfactant
concentration of 0.5 wt.% an interesting observation is seen around double emulsion
droplets. There appears a cloud of numerous tiny, small droplets within the oil shell of
emulsion droplet and these tiny droplets covered the oil shell volume (Figure 23A). The
cloud of tiny droplets on double emulsion increases on increasing the surfactant
concentration on the aqueous phase as seen in the micrograph B. (surfactant concentration
above 1 wt%). Increasing surfactant concentration above 1 wt. % on the water phases
increase the emulsification behavior.
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Figure 23. Self-emulsification of chloroform in presence of surfactant F127 (A)
Micrograph to show how the emulsified droplets cover the double emulsions outer
boundary (i) Double emulsions with one inner water droplet fabricated at 0.5 wt.%
surfactant in aqueous phase (ii) Double emulsions with four inner water droplets. The
surfactant concentration for this micrograph is 1 wt. % in aqueous phase. In each of these
micrographs the outer boundary is covered by self-emulsified oil droplets (B) Micrograph
of double emulsions obtained by using 1.5 wt. % surfactant F127 in water phase (i) Double
emulsions having five inner water droplets (ii) dewetting cages formed from (i) Scale bars
are 30 µm.

From this preliminary result, the hypothesis we generated is that these tiny droplets
are the self-emulsified chloroform droplets, and we believe either the surfactant, lipid or
the glycerol is responsible for this emulsification behavior, but not understood how. We
call this behavior as self-emulsification behavior of chloroform. The cloud of selfemulsified chloroform droplets becomes so thick around the double emulsion droplets that
the shape transition is not clearly observed. When this cloud of self-emulsified droplets
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evaporates and diffuses into the outer water phase the dewetting cages are already
collapsed, so it is difficult to observe what exactly happens with the dewetting cages.
Thus, the variation of surfactant concentration did not help in stabilizing our dewetting
cages. However, the surfactant concentration variation provides us a new insight about our
emulsion system i.e., the emulsification behavior. To test our hypothesis, and to understand
what is causing the emulsification behavior we performed the following experiments. (1)
Interfacial tension of surfactant F127, Glycerol and lipid on the oil water interface. (2)
Critical Micelle Concentration of F127 (3) Self-emulsification behavior of chloroform in
presence of F127 by: (i) Water saturated with chloroform and adding F127 on the water
phase (ii) F127 added to the water phase and saturated with chloroform.
4.1.1.2. Interfacial tension of surfactant F127, lipid, and glycerol on chloroform
water interface and study of self-emulsification behavior. This study is done to understand
how the surfactant F127 along with lipid and glycerol play vital role to reduce the
interfacial tension between two immiscible fluids and their impact on self-emulsification
behavior. The interfacial tension between two phases is measured by using pendant
method. A solution of 5mg DOPC lipid/ml chloroform is prepared as an oil phase.
Similarly, the aqueous phase is prepared by adding 10 wt.% glycerol in water. The
surfactant in the aqueous phase is varied for each interfacial tension measurements. First
the interfacial tension of oil water interface is measured without adding surfactant in the
aqueous phase. We observed an interfacial tension of 20 mN/m (Figure 24). Adding 0.002
wt.% F127 in the water phase reduces the surface tension value to 9.5mN/m. This explains
that even a small concentration of surfactant decreases the interfacial tension significantly.
Further increasing F127 concentration in the water phase reduces the interfacial tension
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which is plotted in Figure 23. This reduction is observed till F127 concentration is
increased to 0.015 wt.%. However, above 0.015 wt.% F127 in the aqueous phase there
appears an interesting behavior of self-emulsified chloroform droplets in the pendant drop
(inset Figure 24). The self-emulsified droplets are splitting from the pendant droplet and
are falling downwards towards the aqueous phase. These self-emulsified chloroform
droplets show similarity as is seen in the double emulsion droplets which is described in
the previous section. The splitting of self- emulsified chloroform droplets becomes more
serious on increasing the F127 concentration on the aqueous phase.

Figure 24. The graph shows the variation of interfacial tension against F127 in oil water
interface and the inset micrograph shows the self-emulsification behavior in pendant drop
beyond 0.016 wt. % of F127.
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From the result obtained from interfacial tension measurement of surfactant F127
in oil water interface, by incorporating glycerol in the aqueous phase and lipid in the oil
phase, it is clear that the F127 surfactant at a concentration of 0.016 wt.% is facilitating the
self-emulsification behavior. However, it is still not clear whether the F127 alone is
enhancing this behavior or is there any role of lipid and glycerol for causing this behavior.
Thus, to understand this the interfacial tension of surfactant F127 on pure water and oil
phase is measured. i.e., without adding lipid in oil phase and glycerol in water phase. This
time the interfacial tension of oil water interface is measured by adding surfactant on the
water phase. This measurement shows the similar trend in decreasing the interfacial tension
till 0.015 wt.% surfactant concentration. At 0.016 wt.% surfactant concentration and above
there appears the self-emulsified droplets at the pendant drop. This explains the selfemulsification behavior of chloroform is happing in presence of surfactant F127 alone.

Similarly, the interfacial tension measurement is conducted for lipid and glycerol
separately. This measurement is done first by adding lipid in oil phase and measuring
surface tension of oil water (without glycerol and surfactant in water) interface. The
concentration of lipid is varied in the oil phase from 0 to 10 mg/ml chloroform. The
measurement is recorded for each concentration. The plot of interfacial tension vs the lipid
concentration is shown in Figure 25B. From the graph it can been seen that lipid is playing
a significant role in reducing the interfacial tension of oil water interface. However, the
self-emulsification behavior is not observed. Secondly, the glycerol concentration was
varied in the aqueous phase from 0 to 10wt.%. This interfacial tension measurement shows
that glycerol is not helping significantly in decreasing interfacial tension between oil/water
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interface and the self-emulsification behavior is not observed. The plot of interfacial
tension vs glycerol concentration is shown in Figure 25A.

It is clear from Figure 25, that the increasing concentration of surfactant F127
decreases the interfacial tension to a certain value (i.e. at 0.015 wt.% to 6.2 mN/m), above
this concentration the increasing concentration of F127 reduces the surface energy that is
acting on the needle tip. The surface energy becomes too low to hold the pendant droplet
hence the liquid starts to flow downward. At a high concentration of F127(above 7 wt.%)
the gravity exceeds the surface energy hence the pendant drop pinches off from the needle
tip. Also increasing the F127 concentration in water eases more F127 molecules to be
rearranged and assembled at the oil water interface. The droplet shape of chloroform which
is correlated with the interfacial tension remains unchanged without loading F127 in
aqueous phase. When the chloroform droplet is suspended in the F127 aqueous phase,
small chloroform droplets are gradually formed at the oil/ water interface and escape into
water phase. The chloroform-split becomes more serious at higher F127 concentration. The
suspended chloroform droplets tend to be elongated and pulled off from the needle tip. A
counterforce against the extraction of F127 from the water phase into chloroform phase is
responsible for the shaping and splitting of the chloroform droplets.
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Figure 25. Interfacial tension measurement (A) Glycerol in oil water interface (B) Lipid in
oil water interface.

From these interfacial tension measurement data, we can conclude that there is not any
impact of glycerol and lipid in the self-emulsification behavior of chloroform. Instead, this
behavior depends only on the surfactant F127 and chloroform itself. Thus, this study
concludes that the splitting of tiny droplets from pendant drops and appearance of cloud of
numerous tiny droplets in double emulsion droplets is likely due to dissolving of F127 on
both water and oil phase giving rise to the self-emulsification behavior of chloroform.

4.1.1.3. Determination of Critical Micelle Concentration of Pluronic F127
Surfactant. This experiment was performed to understand, influence of cmc of F127 in
emulsification behavior, to understand the behavior of F127 in air water interface, and also
hoping that this study might give us some insight towards understanding this behavior. The
critical micelle concentration is the surfactant concentration at, and above which micelles
are formed. Surfactant F127 adsorb preferably at interface where they find energetically
most favorable environments due to their two-part structure (Figure 26A). At a water
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surface, for example, the surfactant orients themselves in such a way that the head group
PEO resides in the water and the hydrocarbon chain PPO points to the air phase. Thus,
surfactant can mediate between two phases as they can adsorbed at the interface. Once the
interface is saturated the addition of more surfactant will not decrease the interfacial tension
any further significantly. Instead, a self-organization of the surfactant molecules takes
place inside a volume phase. For example, micelles form which consists strong interaction
with both phases. The interfacial tension consequently decreases. The decrease of the
interfacial tension caused by the surfactant becomes stronger the more surfactants are
adsorbed at the interface of several clustered surfactant molecules that shield their nonpolar chains from the surrounding aqueous phase with their polar head groups.

To determine the critical micelle concentration of surfactant F127 the pendant drop
method was used. A solution of different concentration (0.001-1 wt.%) of surfactant F127
in aqueous phase is prepared. The needle tip is cleaned with ethanol and flame-burned to
remove any contaminants. Calibration is done after each focus and the density is chosen
for air and water phase. The interfacial tension between the aqueous phase and air phase is
measured for each surfactant concentration and is plotted in Figure 26B. The critical
micelle concentration for surfactant F127 is found to be at log value of 0.52 wt. % F127 in
the aqueous phase. This value lies within the literature value (0.09-0.58) [42]. It can be
seen from the graph that the interfacial tension of air water interface has decreased while
increasing F127 concentration in the aqueous phase below the critical micelle
concentration i.e., till 0.52 wt.%. In contrast, above the critical micelle concentration, i.e.
above ~ 0.52 wt.% the interfacial tension stays constant. It is because the interface is fully
saturated with the available surfactant and there is no space available for the additional
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surfactant to be adsorbed at the interface. Thus, the surfactant tries to self-assemble in the
aqueous phase.

Hence, from this CMC measurement we knew that the self-emulsification behavior
of F127 occurs below CMC value. This means, the surfactant molecules assembled faster
at the chloroform water interface compared to air water interface. Moreover, small
concentration of F127 is capable in self-emulsifying chloroform phase.
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Figure 26. (A) Surfactant F127 representation hydrophilic tail and hydrophobic center
(B) Interfacial tension vs. surfactant wt. % and CMC measurement.

4.1.1.4. Self-emulsification behavior of chloroform in presence of surfactant
F127 by saturating water phase with chloroform. The self- emulsification behavior of
chloroform in presence of surfactant F127 is studied to understand the underlying
reasoning behind this process. After seeing the chloroform droplets splitting from the
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pendant drop during IFT measurement, we assume the chloroform in small fractions is
dissolving in the water phase and hence splitting downwards. Then we employ the
following methods to test this assumption. (i) IFT measurement of oil water interface by
saturating the phases, first by adding F127 in water phase and saturate the phase, second
by saturating the phase and adding F127 in the saturated water phase.

For this measurement, the varying concentration of F127 (0.05-10 wt. %) in the
water phase is prepared and the water phase is saturated with chloroform. The saturated
water phase is centrifuged and is separated from the oil phase for experimentation. The oil
phase is pure chloroform. The IFT measurement is performed for all the surfactant
concentration and is plotted in the graph (Figure 27). From the plot, it can be seen that the
interfacial tension is decreasing very slightly even for high surfactant concentration (Figure
26 orange color plot). Also, the splitting of chloroform droplets is not seen until 10 wt.%
F127.
Secondly, the interfacial tension measurement is done by adding F127 on saturated
water. (pure water is first saturated with chloroform and the saturated water is taken for
experiment). For this measurement different concentration of F127 (0.05-10 wt.%) is
prepared in saturated water. The oil phase is pure chloroform, and the water phase is
saturated water and surfactant F127. The interfacial tension measurement is performed for
all the surfactant concentration and is plotted in the graph (Figure 27 blue color plot). From
the graph, it is seen that the IFT is decreasing to 0.015 wt.% F127. At 0.016 wt. % F127
and above the splitting of chloroform droplets is seen similar to the results obtained in
Figure 18.
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Figure 27. IFT measurement of chloroform water interface using saturated water. Orange
plot represents the data point obtained when surfactant F127 is added in water phase before
saturating with chloroform, blue plot represents the data point obtained when water phase
is saturated with chloroform and F127 added to the saturated water phase.

From the graph we can see, that on using saturated water and F127 adding before
saturation the interfacial tension is decreasing very slightly as compared to unsaturated
water at the same F127 concentration. From this result, we believe that during saturation,
chloroform takes away the excess F127 from water phase. Because of this there is very less
concentration of F127 in water phase. This remaining F127 is not enough to be assembled

60

at oil water interface to reduce the interfacial tension and to split the chloroform droplets
from the pendant drop. Thus, this measurement shows us convincingly that F127 is also
dissolve in chloroform, and it is responsible for the self-emulsification behavior, a
characteristic of chloroform system.
4.2 Glycerol Variation in the Aqueous Phase
Glycerol was varied in the water phase from 5-20 wt.% keeping F127 concentration
constant to 0.1 wt.%. The lipid in the oil phase was also kept constant at 5 mg/ml
chloroform for all the glycerol concentration. The double emulsions were fabricated at
glycerol concentration of 5, 10, 15 and 20 wt. % separately, and their shape transition was
analyzed. At 5 wt.% glycerol concentration the double emulsions containing variable
number of inner water droplets merge into lipid bilayer scaffold as shown in Figure 28B
(ii). For 10, 15 and 20 wt.% glycerol concentration the dewetting cage formation follows
the similar path as shown in Figure 28A (ii). On comparison between 5 wt.% and 10 wt.%
glycerol concentration the dewetting cages formed from lower glycol concentration are
stable than for higher glycerol concentration. Moreover, the way how the shape changes
upon chloroform evaporation is different for lower and higher glycerol concentration. For
5 wt.% glycerol concentration each of the bilayer formed between inner water droplets and
the outer bilayer that surrounds the overall dewetting structures remains stable for same
amount of time as illustrated by micrograph 28B (ii). However, for 20 wt.% glycerol
concentration the inner bilayer between two inner water droplets starts to collapse one after
another (micrograph 28A (ii)) and finally the overall bilayer structure collapses, explaining
the instability.
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Figure 28. Micrograph representing glycerol variation (A) Micrograph obtained from 20
wt. % glycerol concentration in the water phase (i) Micrograph of double emulsions
containing three inner water droplets (ii) Dewetting cages of micrograph (i) The blue arrow
in micrograph ii, represent the dewetting cages with three compartments. With time the
three compartment dewetting cage turn to two compartments after one of the inner bilayers
collapse as indicated by black arrow. Again, one of the bilayer collapses and the dewetting
cage having two compartment turns to single compartment as indicated by red arrow.
Finally, the overall structure coalescence (B) Micrograph obtained from 5 wt. % glycerol
concentration in the water phase (i) Micrograph of double emulsions containing four inner
water droplets (ii) Dewetting cages of micrograph i. The black arrow indicates that in all
dewetting cages the inner four compartmental bilayer stays stable until the outer bilayer
separating inner and outer aqueous phase remains stable.

This study concludes that the dewetting cages are stable for lower glycerol
concentration than for higher glycerol concentration. The member fluidity of the bilayer is
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dependent on glycerol concentration. At higher glycerol concentration the viscosity of
water phase increases, which increases the membrane fluidity and hence the bilayer
collapses one after another.
4.3 Lipid Variation in the Oil Phase
The concentration of lipid in oil phase is varied from 1 mg/ml chloroform to 25
mg/ml chloroform. This variation does not show any difference in the dewetting cage
formation and to the stability of dewetting cages. However, on using higher lipid
concentration, more nonvolatile lipid is left after chloroform evaporation, forming an
insoluble particle which was discovered by Dr. Martin F. Haase in his preliminary work.
The formation of torroidal or donut like particle from concentrated lipid is an interesting
topic to further research.
To sum up, the parameter variation does not help in the stability of the lipid bilayer
scaffold. The bilayer scaffold collapse after the chloroform gets fully evaporated because
of the high tension exerted by the water to the bilayer. The high tension is the results of the
Laplace pressure that exists in the curved interface. The high Laplace pressure arises
because the spherical droplets become elliptical during dewetting mechanism giving rise
to different radii of curvature. It is unlikely to control this pressure; however, we can
provide some mechanical strength to the bilayer to withstand the pressure and to preserve
their shape without collapsing. The strategy employed are explained in the following
section.
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4.4 Incorporating Nonvolatile Polymeric/ Monomeric Oil to Oil Phase
The oil phase from the dewetting cages gets evaporated leaving behind only the
lipid bilayer. With time the lipid bilayer also ruptures, distorting the beautiful dewetting
cages. We are motivated in preserving the unique dewetting cages before they get distorted,
by applying the following efforts. (i) Incorporating nonvolatile monomeric (Figure 29 B)
or polymeric oil (Figure 29 A) that dissolves in chloroform but not in aqueous phase may
help to preserve the bilayer scaffold. We believe in this because after the evaporation of
chloroform the polymer/monomer will remain behind with the lipid bilayer and can helps
to preserve the dewetting cage. (ii) Introducing photo initiator in the oil phase and applying
ultraviolet light radiation to polymerize the dewetting cage after chloroform gets
evaporated. We expect that the polymerization will results in the conversion of liquid
polymer/monomer to solid polymer and stabilize the dewetting cages (Figure 29 (iv) of A
and B both). The strategy we employed is explained by Figure 29.
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Figure 29. Schematic to represent how incorporating of polymeric and monomeric oil leads
to solidification of our dewetting cages (A) Schematic representing incorporation of
polymeric oil (i) Double emulsion droplets containing dissolved polymeric oil and photo
initiator in the chloroform phase (ii) Dewetting mechanism of double emulsion droplet by
evaporation of oil phase and bilayer formation (iii) Complete evaporation of chloroform
and polymer rich dewetting cage (iv) Polymerized dewetting cage (B) Schematic
representing incorporation of monomeric oil (i) Double emulsion droplet containing
dissolved polymeric oil and photo initiator in the chloroform phase (ii) dewetting
mechanism of double emulsion droplet and formation of lipid bilayer (iii) complete
evaporation of chloroform and monomer rich dewetting cage structure (iv) Polymerized
dewetting cage.

The monomeric and polymeric oil that I used are listed in the Table 1 with their
result. The reason behind choosing these specific polymer/monomers are (i) these polymer
and monomer are UV polymerizable, (ii) these acrylates and diacrylates are sort of water
soluble; their solubility depends on their molecular mass. The shorter the chain is or lower
molecular mass the less soluble in water and vice versa, (iii) these polar acrylates and
diacrylates allow for a low contact angle on the lipid bilayer, which is essential for the
unique shape of the dewetting cage, (iv) Moreover, we expect that they also allow for self-
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emulsification, operating together with the F127, (v) Additionally, we expect that the polar
nature of these polymer/monomer are capable of dissolving F127.
4.4.1. Solution preparation. The water phase contains 0.1 wt.% F127 + 5 wt.%
glycerol. It is kept constant for all the experiments perform for polymeric and monomeric
oil. The oil phase contains 5 mg DOPC lipid/ml chloroform. The lipid concentration is also
kept constant for all experiments done for polymeric and monomeric oil. The concentration
of polymeric and monomeric oil is varied from 5-20 wt.% in oil phase. Also, the volume
of HMPP is varied from 1-5 v% in the monomer/polymer used.
4.4.2. Result and discussion.
4.4.2.1. Double emulsions using polymeric oil Polylactide. Following our
hypothesis, initially the double emulsions are produced by incorporating polymeric oil
Polylactide (Figure 30D) in the oil phase. On using Polylactide, the double emulsion
droplets do not follow dewetting mechanism to form dewetting cages. Because of this lipid
monolayer does not assemble into bilayer, instead along with the evaporation of
chloroform, the available PLA (MW=296.4 g/mol) within the double emulsion gets
concentrated, resulting in collapsing of two inner water droplets, as shown in first row in
table1. I believe the concentrated PLA results in the viscous environment, and the viscosity
is hindering the lipid molecules to assembled into bilayer structure. It looks like the reason
for Polylactide to concentrate might be its higher molecular weight.
Additionally, the self-emulsification behavior of surfactant F127 is studied for this
polymer via pendant drop method. Small concentration (< 0.1 wt.%) of surfactant F127
does dissolve in this oil although, it does not show self- emulsification behavior with F127.
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Figure 30. Chemical structure of polymeric and monomeric oil used (A) Poly (ethylene
glycol) diacrylate (B) Ethylene Glycol Methyl Ether Methacrylate (EGMEM) (C)
Triethylene glycol dimethacrylate (TEMA) (D) Polylactide (PLA).

Next, polymeric oil with lower molecular weight than polylactide having acrylate group
is chosen for experiment.

4.4.2.2. Double emulsions using polymeric oil Poly (ethylene glycol) Diacrylate.
Double emulsions are generated by adding poly (ethylene glycol) diacrylate
(MW=250 g/mol) (Figure 29A). The formed double emulsion droplets are unstable and the
two inner water droplets collapsed instantly after formation, resulting in double emulsion
with single inner water droplet (second row in table 2). Even on using higher concentration
(=20 wt.%) in oil phase the double emulsions are collapsing soon. Based on the
micrograph, what I speculate is that this polymeric oil gets dissolved in the aqueous phase,
so the emulsion droplets were unstable. The higher the molecular weight of acrylates, the
higher their solubility in water.
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Including polymer in our emulsion system is not a good idea, though they possess
some qualities that I mentioned above (polymerizable, polar) for dewetting cages
stabilization, but they inhibit the dewetting mechanism for bilayer formation. Based on
this, we move on using monomeric oil, expecting their potential for dewetting mechanism.
4.4.2.3. Double emulsions using monomeric oil Triethylene Glycol
Dimethacrylate. Regarding monomeric oil I add triethylene glycol dimethacrylate
(MW=286.32 g/mol) in oil phase for double emulsions generation. The double emulsions
were forming at the dripping regime but were converting to single emulsions before
collecting them as shown in micrograph in third row in table 1. This is because
Triethylene glycol dimethacrylate is highly soluble in aqueous phase, because of its
longer hydrocarbon chain (Figure 30 C).
Important finding of this monomeric oil is that the surfactant F127 dissolve in this
monomeric oil and exhibit the self-emulsification behavior at higher concentration (= 5
wt.%).
4.4.2.4. Double emulsions using monomeric oil Ethylene Glycol Methyl Ether
Methacrylate. Finally, monomeric oil ethylene glycol methyl ether methacrylate (MW=
144.17 g/mol) is used in oil phase (Figure 30B). Incorporating 10 wt.% monomeric oil in
the oil phase results in distinct multicompartmental bilayer scaffold for all the inner water
droplets (micrograph shown in last row of table 1).
Among these monomeric and polymeric oil, the probable candidate for our
emulsion system is ethylene glycol methyl ether methacrylate, as it does mimic the
behavior of chloroform. It allows the dewetting phenomena to occur by maintaining low
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contact angle at three phase contact line, which is necessary for the stability of our
dewetting cages. Secondly, EGMEM is sparingly soluble in water and it allows the lipid
monolayer to merge into bilayer to form bilayer scaffold. Further, this monomeric oil
shows self-emulsification behavior in presence of surfactant F127 similarly as chloroform
at high concentration. Hence, from this observation, it is obvious that our double emulsions
prefer low molecular weight monomers rather than polymers for the dewetting mechanism.
The micrograph shown in table 1 for EGMEM is not stable. After careful analysis
of freshly produced double emulsions multiple times, I believe the reason for collapsing of
dewetting cages may be because the concentration of EGMEM in oil phase is not enough
to provide enough scaffold material, or the EGMEM might have dissolved in water phase
similar to what is happening with the monomer used above. Based on this reasoning, the
solubility test of EGMEM in water phase is conducted and found to be 4.5 wt.%. This
means half of the EGMEM is left in the dewetting cage, which explains there is not enough
EGMEM in the oil phase to preserve the cages. To solve the dissolution of EGMEM in the
aqueous phase, the aqueous phase is saturated with EGMEM which is described in the
following section.
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Table 1
Monomeric and Polymeric oil used in attempt to stabilize the dewetting cage

4.4.2.5. Saturating water phase with Ethylene Glycol Methyl Ether Methacrylate.
To solve dissolving of EGMEM in water phase, the water phase is saturated by adding
EGMEM in the water phase. 10 wt.% of EGMEM is added in DI water and is mixed
thoroughly using vortex and is subjected to centrifugation to separate the phases. The
EGMEM saturated water is then used to prepare water phase by adding 0.1 wt.% F127
surfactant and 5 wt.% glycerol. Similarly, oil phase is prepared by adding 5 mg DOPC
lipid/ml chloroform and 15 wt.% EGMEM in chloroform. During emulsions preparation
70

the water phase is kept constant and the EGMEM in oil phase increases to 20 and 25 wt.
%.
4.4.2.6. Double emulsions using aqueous phase saturated with EGMEM.
Double emulsions are fabricated by increasing the concentration of EGMEM in the
oil phase to 15, 20 and 25 wt.% keeping another parameter constant. For 15 and 20 wt.%
EGMEM these double emulsions follow the similar path in forming the distinct
multicompartmental dewetting cages as chloroform does alone as shown in Figure 30A.
Although these multicompartmental dewetting cages could not preserve their bilayer
architecture. In contrast, above 20 wt.% during dewetting mechanism the inner water
droplets are expelled outwards giving rise to higher contact angle as shown in Figure 31B,
which is undesirable. Finding from this study is that the limit of EGMEM in the oil phase
is 20 wt. % to have lipid bilayer dewetting cages with low contact angle.
Next effort towards stabilizing is introducing the photo initiator HMPP in the oil
phase and solidifying the dewetting cage through UV polymerization. This step is taken on
expecting that when most of the chloroform gets evaporated, there will be the monomeric
oil in the oil shell volume of emulsion, on ultraviolet light irradiation, the photo initiator
releases reactive radicals, initiating the polymerization which transforms the liquid
monomer into solid polymer. In this way, the polymerization will result in the solidification
of dewetting cages.
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Figure 31. Multicompartmental dewetting cages formed after addition of EGMEM in the
oil phase (A) Micrograph obtained on using 20 wt.% and below EGMEM in oil phase (i)
double emulsions containing 6 inner water droplets (ii) Lipid bilayer dewetting cages with
3, 4, 5 and 6 compartments (B) Micrograph obtained on using above 20 wt.% EGMEM in
oil phase (i) Micrograph of double emulsions containing 6 inner water droplets (ii)
Micrograph depicting higher contact angle during dewetting process. Scale bars are 50 µm.
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4.4.2.7. UV polymerization of dewetting cage. The double emulsions are
generated by adding 1 volume % photo initiator HMPP in the oil phase along with 20
wt.%. EGMEM. Similarly, the EGMEM saturated water phase is used along with 5 wt.%
glycerol and 0.1 wt.% F127 surfactant as an aqueous phase. Upon collection on the
collection compartment, the 70% oil phase is allowed to evaporate, from the double
emulsions as shown in Figure 32A. Then they are submitted to ultraviolet light radiation
for 1-5 minutes to solidify dewetting cages. After polymerization dewetting cages are
visualized under microscope and observed the structures as shown in Figure 32B and
later the structure collapse as shown in micrograph C. These micrographs represent
unsuccessful polymerization of dewetting cages. The reason for unsuccessful
polymerization of dewetting cages is likely due to inhibition of polymerization by the
inhibitor in the EGMEM or insufficient initiator. Later the emulsions are fabricated by
increasing the HMPP concentration from 1v% to 5 v%. However, the results do not
change from the micrograph shown in Figure 31. To solve this, it is likely to replace the
monomeric oil that is insoluble in water phase.

Figure 32. Micrograph depiction of polymerized dewetting cage. (A) Double emulsions
before polymerization (B) Dewetting cages after polymerization (C) Collapsed
polymerized structure of dewetting cages. Scale bars are 50 µm.
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4.5 Double Emulsions Using Functional Silica Nanoparticles
In this section, I demonstrate the use of silica nanoparticles to fabricate double
emulsions, formation of lipid bilayer dewetting cages, and an attempt to stabilize these
structures. The surface modification of inherently hydrophilic silica nanoparticles to
hydrophobic particles using different alkyl silane for chloroform dispersion will be
explained.
4.5.1. Surface modification of silica nanoparticles. Inorganic particles such as
silica are too hydrophilic hence disperse well in aqueous phase. However, in our cases it
is required to disperse them well in oil phase. Therefore, it is important to appropriately
tune the surface chemistry of particles to be dispersible in chloroform. A common
example to modify the surface of silica particles is silanization. Here, the surface of
particles is permanently covered with organofunctional alkyl silane molecules. [43] For
example, the hydroxyl groups (-OH) on the silica surface can attack and displace the
alkoxy groups on the silane agent, forming a covalent -Si-O-Si- bond. The terminal
groups on the silane coupling agent therefore determine the silica surface functionality, as
shown in Figure 33.
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Figure 33. Schematic depiction of silica particles surface modification. Alkyl silane is used
to functionalize Ludox TM silica nanoparticles, which renders them partially hydrophobic.

4.5.2. Silica nanoparticles at oil water interface. The functionalized particles
which are disperse in chloroform will acts as a stabilizer for our lipid bilayer dewetting
cages. The surfactant induces the silica particles to arrange at the oil-water interface and
upon adsorption at the interface the silica particles reduce the available surface area.
Based on their high attachment energies (several thousands of KT), [44] solid particles
can irreversibly attach to liquid-liquid interfaces and act as long term stabilizer.
Additionally, the particles provide certain advantages to the emulsions such as reducing
the possibility of coalescence and improve mechanical robustness. [45] Over organic
particles, inorganic particles such as silica, alumina, are preferred because of their
nontoxicity, hydrophilicity, and biocompatibility. The free energy of attachment (E) for a
solid spherical particle of radius (r) having a contact angle (ϴ) and sitting at an oil (o) and
water (w) interface with interfacial tension (ϒ) can be described by the following
equation.
𝐄 = −𝛑𝐫 𝟐 𝛄𝐨𝐰 (𝟏 − 𝐜𝐨𝐬Ѳ)𝟐

Equation 12
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The high energy at the interfaces is then involved in attaching solid silica particles
at oil-water interfaces. It is worth noting that for particles to effectively act as stabilizer,
they should not be too hydrophobic (high ϴ) or too hydrophilic (lower ϴ) otherwise they
partition into oil phase or water phase respectively. Upon tuning the particles surface the
particles will stay at the interfaces and are likely to form a steric barrier at the oil-water
interfaces which significantly improve the mechanical properties of lipid bilayer scaffold.
This is likely to give rise to long term stability of well-structured lipid bilayer scaffold. Our
strategy to obtain stability of dewetting cage is depicted by Figure 34.

Figure 34. Schematic depicting the silica nanoparticles stabilizing the dewetting cages (A)
Double emulsion droplets containing solid silica nanoparticles in the oil phase. Green color
represent chloroform, Black sphere are silica nanoparticles, white spheres are monomeric
oil ethylene glycol methyl ether methacrylate (B) Dewetting mechanism of double
emulsion droplets with silica nanoparticles attach at the interface (C) Complete evaporation
of oil phase from dewetting cages (D) solidified dewetting cage structure after UV
polymerization.
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4.5.3. Hydrophobic silica nanoparticles synthesis. During particles synthesis
the chemical components of the nanoparticle material are taken into consideration, which
eventually reflect in their final surface chemistries. [47], [48]. The hydrocarbon chain
length, the terminal end of silane, the temperature, pH, solvent, are some of the
parameters used to control particle synthesis, which are also responsible in determine the
final property of particles. [49], [50], [51].
Silica nanoparticle dispersion comprising ethanol (40ml), acetic acid (20 ml), and
Ludox TM 50 (pH 9) (10 ml) are mixed in a tightly sealed glass bottles and placed in a
70℃-heating bath under constant stirring. To functionalize the silica nanoparticles,
calculated amount of alkyl silane (Appendix A) with desired degree of functionalization
(40%, 80%, 100%) are added dropwise to the nanoparticle dispersion and stirred overnight, resulting in the silanization of hydrophobic particles. The silane used are Trichloro
(octadecyl) silane, (3-mercaptopropyl) triethoxy silane, Trichloro (1H, 1H, 2H, 2Hperfluoro-octyl) silane, 11-mercapto undecyl trimethoxy silane, and n-dodecyl triethoxy
silane. This extent of functionalization will result in making silica particles covered by
40%, 80%, and 100% silanol groups. After 12 hours, washing process is done by adding
ethanol to the functionalized nanoparticle dispersion, stirred vigorously and further ultrasonicated to improve their dispersion, and then separated by strong centrifugation (8000
rpm, 25 minutes). This process is repeated for 3 times. After the last washing steps, the
ethanol is decanted from the sediment.
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4.5.4. Solution preparation. 20 wt.% ethylene glycol methyl ether methacrylate,
5 mg DOPC lipid/ml chloroform is mixed in particles disperse chloroform (20 wt.%
functionalized particles dispersion) to be used as an oil phase. For the water phase 0.1
wt.% Pluronic F127 and 5 wt.% glycerol is mixed in DI water.
4.5.5. Results and discussion.
4.5.5.1 Dispersion of functionalized particles in chloroform. The sediment
synthesizes in section 4.3.3 is used to check their effective dispersibility in chloroform.
Equal amount of sediment from all degree of functionalized particles are added in
separate glass vial containing chloroform to check their dispersion. Then the particles are
dispersed via sonication bath. The particles hydrophobized with octadecyl trichloro
silane, (3-mercaptopropyl triethoxy silane, Trichloro (1H, 1H, 2H, 2H- perfluoro-octyl)
silane, 11-mercapto undecyl trimethoxy silane do not disperse homogeneously in
chloroform for all degree of functionalization as shown in Figure 34A. After 1 hour of
dispersion in chloroform the sedimentation of particles starts at the bottom of vial as
shown in figure 35A (ii) left side image, indicating the particle dispersion is not working
for chloroform. On using excess degree of functionalization (above 100%) there appears
turbid dispersion (Figure 35A (ii)) right image, because of strong aggregation of particles.
The percentage of dispersed particles are measured for all the silane from the transparent
liquid above sedimentation. For octadecyl trichloro silane functionalized particles the
maximum particles dispersion in chloroform is 4.8 wt.% for 100% surface coverage.
Similarly, for (3-mercaptopropyl triethoxy silane, Trichloro (1H, 1H, 2H, 2H- perfluorooctyl) silane, 11-mercapto undecyl trimethoxy silane the particles dispersion is 3.8 wt.%,
3 wt.% and 2.5 wt.% respectively for 100% functionalization. This indicates chloroform
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is not compatible solvent for these silanes. This wt.% is less than required to provide
enough scaffold materials for our dewetting ages. However, the particles functionalized
with n-dodecyl triethoxy silane dispersed well in chloroform for 100% functionalization
giving transparent dispersion as shown in figure 35B (ii) right image. The weight. % of
particles dispersion for this silane is 28%.
The idea generated from this study is that rather than longer chain alkoxy silane
(C18) shorter chain alkoxy silane(C12) are favorable for particles hydrophobization. This
is because the octadecyl chain is unstable in ethanol. Secondly, the order of reactivity of
trichloro silane is higher than that of triethoxy silane. Due to this, during silanization the
trichloro silane reacts with themselves whereas the triethoxy silane reacts with silica
particles and render surface modification from hydrophilic to hydrophobic.
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Figure 35. Particles dispersion in chloroform using different silane (A) Octadecyl trichloro
silane (OTS) functionalized particles dispersion in chloroform (i) Chemical structure of
OTS (ii) Dispersion of functionalized particles in chloroform. Left pictures represent 40%
particles functionalized dispersion and the right represent 100% particles functionalized
dispersion (B) n-dodecyl triethoxy silane functionalized particles dispersion in chloroform
(i) Chemical structure of dodecyl triethoxy silane (ii) Dispersion of dodecyl functionalized
particles in chloroform. Left pictures represent 40% functionalized particles dispersion
whereas, right picture represents 100% functionalized particles dispersion.

4.5.5.2. Dewetting cages using n-dodecyl triethoxy silane functionalized silica
particles. Using the microfluidic device setup explained in section 2.4 double emulsions
are fabricated with controlled number of monodisperse inner water droplets (Figure 36).
The transition of double emulsions to lipid bilayer scaffold through dewetting mechanism
is studied. The transition from double emulsion to liposome and hence multicompartmental
dewetting cages is induced by the reduction in the oil phase from the middle shells of the
double emulsions. Interestingly, the presence of silica particles at the oil water interface do
not provide any inhibition to the lipid molecules to assemble into bilayer structure. The
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double emulsions containing two, three and four inner water droplets show distinct
dewetting cages as shown in Figure 36A. Moreover, the dewetting cages shown in
micrograph B shows permanent stability.

Figure 36. Micrograph of double emulsion obtained on using functionalized silica particles
(A) Dewetting cages of double emulsions containing (i) two (ii) three and (iii) four inner
water droplets (B) Micrograph of stable dewetting cages having (i) two compartments (ii)
three compartments and (iii) four compartments. Scale bars are 50 µm.

In the micrograph B, the lipid bilayer formed between inner water droplets shows
less stability than the outer bilayer separating outer water and inner water. This is because
the excess particles are accumulating and gets concentrated within the remaining oil phase
during chloroform evaporation. The concentrated particles are likely influencing in the
collapsing of inner bilayer. In micrograph B, the internal architecture of stable dewetting
cages are not well defined although, they show permanent stability which was not achieved
before. The reason for the stability of these dewetting cages is the adsorption of silica
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particles at the interfaces by forming a solid core protecting the lipid bilayer scaffold. The
well-defined structures can be achieved on controlling the aggregation of particles.
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Chapter 5
Conclusions
In summary, by using a droplet based microfluidic method monodispersed double
emulsions can be fabricated with variable number of inner water droplets. This is
demonstrated by producing monodispersed double emulsions up to eight inner water
droplets. By studying the transition behavior of double emulsions towards the liposome
formation we discovered that the shape of the liposomes is mainly determined by the
number of inner droplets. Our study shows that the selection of a volatile and polar oil that
aid in making low contact angle within the interface is essentially important for dewetting
phenomena to occur. Additionally, the surfactant interfacial activity becomes crucial for
the stability of the double emulsions, it is therefore important to select right surfactant that
could also contribute while bilayer formation. We discovered that the surfactant F127
dissolves in both chloroform and water, this peculiar behavior of F127 promotes for the
self-emulsification. The study of the self-emulsification behavior of surfactant F127 in
chloroform is an important finding of this work. We discovered that the monomeric oil
ethylene glycol methyl ether methacrylate also shows self-emulsification behavior in the
presence of surfactant F127 and makes low contact angle during dewetting. We believe
that the self-emulsification behavior is essential for topological droplet formation. In our
experimental system, DOPC lipid also acts as a surfactant for stability of double emulsion
droplets. This has been illustrated with the fabrication of double emulsion without
surfactant in the aqueous phase. The glycerol in the liquid composition helps to adjust shear
force during droplet formation and shows some stability of the dewetting cages at lower
concentration. Also, shorter chain acrylate monomers are better than longer chain acrylate
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monomers and polymers for the bilayer formation. We believe that the longer chain
monomers dissolve in water phase whereas the polymer inhibits the lipid molecules to form
bilayer.
We demonstrated the use of the functionalized particles to fabricate lipid bilayer
dewetting cages and render permanent stability. This was realized by adding silica particles
in the chloroform. The effective dispersion of silica particles in chloroform is achieved by
100% hydrophobization of silica particles by dodecyl triethoxy silane. This contributes
towards eventually using these bilayer compartments for reaction applications as a
microreactor chamber where chemical or biochemical multistep reaction pathways can be
realized.
Our approach provides a versatile way to fabricate multicompartment vesicles that
could be utilized as controlled reaction vessels that enable triggered reactions with
controlled stoichiometry of the reactants and for encapsulation of multiple active. With our
fabrication technique the internal fluid phase remains completely isolated from the external
phase providing highly efficient encapsulation. Moreover, each of the fluid streams is
separate at all phases of the fabrication process; this affords great flexibility in the choice
of materials and the structures that can be produced. We could also reduce the size of these
compartments down to the minimal size through the reduction in the capillary nozzle
diameter. The use of non-ionic surfactant lower potential toxicity and lesser concern than
ionic types.
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PARTICLES

IN

Appendix
Method to Calculate the Volume of Dodecyl Silane Added to Silica Nanoparticle
Suspension

As a demonstration we choose the silanization of 22 nm SNPs with n-dodecyl
triethoxy silane, which we believe are distributed on the surface of the particles in relation
to the degree of functionalization, hence, tuning their surface wettability. Assumption is
made for 4 Si-OH groups per nm2 and also, for an overall surface area of 150 m2 /g. Based
on this estimation, the amount of organofunctional silane molecules is added during the
silanization process, resulting in a percentage coverage (degree) of the selected functional
groups.
The following calculations provide estimations made during the silanization of the
silica nanoparticles. The total number of silanol groups (NSiOH ) on the silica particles is
calculated as:
N

SiOH = 4 Si-OH

molecules
nm2

X 150

m2
g

= 6*1020

molecules
g

Moles of silanol groups per gram of silica nanoparticles (ni ) is calculated as; =
ni =

6*1020 molecules/g

NSiOH

=
= 9.96*10-4 mol/g
Avogadro number 6.023*1023 molecules/mol

Mass of silica nanoparticles (mSi ) in the reaction mixture is calculated as;
msi = ρsi *Vsi *W

si

= 3.5 g

where,

ρsi is the density of silica nanoparticles aqueous dispersion = 1.4 g/ml
Vsi is the volume of aqueous dispersion of silica nanoparticles (Ludox TMA) = 5m
Wsi is the weight fraction of silica nanoparticles in aqueous dispersion = 50 wt. %
Moles of silane added for desired degree of functionalization is calculated as;
n

msilane/m

silane =

silica * msi
Msilane * S

= 3.49*10-3 mol
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Where, msilane/msilica = ni * Molecular mass of silane = 9.96* 10-4 * 332.6 g/mol
msi = mass of silica nanoparticles in the reaction mixture
Msilane = molecular mass of silane = 332.6 g/mol
S = degree of functionalization = 100%
Mass of silane added in reaction mixture for 100% functionalization is calculated as;
masssilane = Msilane *

nsilane = 332.6 g/mol * 3.49*10-3 mol = 1.16 g
mass

Volume of silane added to the reaction mixture = densitysilane =
silane
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1.16 g
0.89 g/ml

= 1.30 ml

